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Persistent organic pollutants (POPs), namely organochlorine pesticides (OCPs), 
polychlorinated biphenyls (PCBs) and polybrominated biphenyl ethers (PBDEs), 
were evaluate human perinantal exposure to POPs in Singapore, with emphasis on the 
health risks of fetuses and infants. 
 
The prevailing concentrations of POPs in adipose tissues of expectant mothers in 
Singapore were determined, and the influential variables on the accumulation of 
POPs in maternal tissue were identified using the multivariate data analysis (MVA) 
techniques, including: principal component analysis (PCA); partial least-squares 
regression (PLSR); and partial least-squares discriminant analysis (PLS-DA). Food 
consumption was the most important determinant, where fish and poultry ingestion 
was the major route of PCB and PBDE exposure, while β-HCH was derived mainly 
from vegetable consumption. An age-dependent accumulation of POPs was found for 
some organochlorines (OCs), where lactation and gestation function as 
decontamination processes for PCBs in maternal tissue. 
 
POPs were also found in fetal blood, which corroborates evidence for a transplacental 
transfer (TPT) process for these xenobiotics from mother to fetus. The presence of 
chlordanes and PCBs in fetal blood was linked to an adverse effect on fetal growth, 
indicating that chemical exposure in utero could be deemed as an influential factor on 
the growth of fetuses, even at the normal contaminant levels found in the general 
Summary 
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population of Singapore. Moreover, it was found that exposure to POPs may alter 
maternal hormone levels which regulate the offspring’s gender. 
 
POPs were found in breast milk samples, suggesting that lactation is an excretion 
route of these chemicals for mothers. Adipose tissue and maternal diet were deemed 
as the predominant determinants of POPs in breast milk. Risk assessment indicated 
that some breastfed babies had an estimated daily intake (EDI) of 
hexachlorocyclohexanes (HCHs) close to, or above, the threshold for adverse effects.  
 
POPs were found to be ubiquitous in the house dust of Singapore with PBDEs the 
predominant pollutants at levels several orders of magnitudes higher than the levels of 
PCBs and OCPs. Health risk assessment was performed based on available literature 
by calculating the daily intake of POPs considering possible exposure pathways, 
where it is indicated that the total daily intake of POPs for adults and children in 
Singapore are below benchmark levels for adverse effects. However, high POP intake 
values for children, per unit of body weight, and the identification of house dust as a 
major source of PBDEs in Singapore children, via inhalation and ingestion, warrant 
special attention.  
 
This study has successfully established a database on human perinatal exposure of 
POPs in Singapore, and illustrated the transfer behavior of POPs between mother and 
fetus. The study has advanced our scientific understanding on the vertical 
transmission of POPs between mother and fetus, and highlighted the need for further 
Summary 
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epidemiological studies to further elucidate the relationship between POP exposure 
and human health. 
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CHAPTER 1 INTRODUCTION AND OBJECTIVES 
 
1.1 Introduction 
Environmental concern over the widespread presence of persistent organic pollutants 
(POPs) began with the use of DDT (Dichlorodiphenyltrichloroethane), the first 
synthetic organochlorine pesticide (OCP). DDT has been extensively used since 
World War II as it is highly efficient in controlling insect-borne diseases. However, 
scientists began documenting the ecotoxicological side effects of DDT in the 1960’s, 
including the decline of bird populations, such as the bald eagle, due to the thinning 
of eggshells (Carson, 1962; Krantz et al., 1970). Polychlorinated biphenyls (PCBs) 
are another group of synthesized organochlorine (OC) compounds that have been 
used for a variety of industrial applications. During the synthesis of PCB compounds, 
two kinds of by-products are formed, i.e. polychlorinated dibenzo-p-dioxins (PCDDs) 
and -furans (PCDFs) which were later found to induce extreme toxicity to the 
environment and humans. Recently, man-made brominated compounds, specifically, 
the brominated flame retardants (BFRs) have become a matter of escalating concern, 
due to their toxic effects on both wildlife and humans (Darnerud et al., 2001; Hallgren 
et al., 2001; Branchi et al., 2003; Sjodin et al., 2003). 
 
Despite the great contributions that these man-made chemicals have made to modern 
civilization, they are now known to have many undesirable adverse effects on the 
environment and human health. POPs are highly resistant to degradative processes 
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and can readily bioaccumulate and biomagnify through the food chain to eventually 
reach peak levels in top predator species (Harrad, 2001). Humans are typically at the 
highest trophic level, and thus have the most concentrated tissues levels of these 
lipophilic compounds. Following the disclosure of negative effects on wildlife, the 
accumulation of POPs in human tissues has also been linked to many health problems, 
including liver damage, thyroid hormone dysfunction, immunological alterations, 
neurodevelopmental changes and cancer (Peterson et al., 1993; Rylander et al., 1995; 
Baccarelli et al., 2002; Pelclova et al., 2006).  
 
POPs have the capacity to pass through the human placental barrier and into fetal 
circulation, where fetuses and neonates are believed to be more vulnerable to the 
effects of environmental pollutants as their organs and detoxification enzymatic 
systems are relatively immature (Barr et al., 2007). Breast milk, containing high 
contents of lipids has been deemed as a major source of POPs in breast-fed infants. 
The potential toxic effects of POPs on fetuses/infants warrant special attention and an 
evaluation of contaminant levels for risk assessment is needed to highlight the need 
for toxicological prevention and intervention.    
 
POPs are now a global as well as a regional problem, as they circulate worldwide via 
atmospheric transportation, ocean currents and other environmental pathways. 
According to the global distillation/fractionation theory (Wania and Mackay, 1993), 
POPs released at the low latitudes are circulated via atmospheric currents and 
condensed at high latitudes. The importance of low latitude, tropical regions as a 
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source of POPs in their global circulation has led researchers to conduct 
investigations into the prevalence of these contaminants in the region of Southeast 
Asia, including Singapore. Research programs have been established in Singapore to 
evaluate the extent of contamination of POPs in various media, including air, water, 
marine organisms and human tissues (Bayen et al., 2003a; Bayen et al., 2004a; Bayen 
et al., 2004b; Wurl and Obbard, 2004; Bayen et al., 2005a; Bayen et al., 2005b; 
Bayen et al., 2005d; Bayen et al., 2005e; Li et al., 2005a; Wurl and Obbard, 2005c, a, 
b; Li et al., 2006b, a; Wurl et al., 2006a; Wurl et al., 2006b; Wurl and Obbard, 2006; 
Wurl et al., 2006c; Wurl et al., 2006d; Wurl et al., 2006e; Bayen et al., 2007). 
However, there is still a lack of comprehensive understanding on the impact of human 
exposure to POPs in Singapore, particularly those pertaining to the health risks of 
fetuses and infants. 
 
1.2 Research Objectives  
Due to the paucity of data and knowledge gaps in Singapore, the aim of this research 
was to evaluate the human perinantal exposure to POPs, namely organochlorine 
pesticides (OCPs), polychlorinated biphenyls (PCBs) and polybrominated diphenyl 
ethers (PBDEs). These compounds were measured in maternal tissues, and the 
phenomenon of transplacental transfer of these xenobiotics from mothers to their 
progeny was investigated. The potential health risks to fetuses/infants, owing to the 
intrauterine exposure and ingestion of POPs via breastfeeding in Singapore were also 
investigated. Furthermore, the factors influencing the accumulation of POPs in human 
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maternal tissues, as well as the transmission of contaminants between mother and 
fetus/infants was studied.  
 
To achieve these objectives, application of advanced multivariate data analysis 
techniques was required. Traditional analytical methods, i.e. ordinary least-squares 
regression, have an intrinsic constraint in data analysis as it is only capable of 
modeling independent X variables. However, in reality, correlated and noisy X 
variables are often present when dealing with large amounts of data. Therefore, 
exploring suitable data analysis methods with a high level of efficacy to research data 
was another critical aim of the study.  
 
More specifically, the objectives of this research were: 
 
• To develop/validate suitable quality assured analytical methods (i.e. extraction, 
clean-up and detection) for determination of POPs in various biological and 
environmental samples (Chapter 3); 
• To determine the prevailing concentrations of POPs in adipose tissues of 
expectant mothers in Singapore, and to indentify the factors influencing the 
accumulation of POPs in maternal tissues via the application of advanced 
multivariate data analysis techniques (Chapter 4); 
• To investigate the transplacental transfer phenomenon of POPs from maternal 
tissues to fetal circulation by determining and analyzing the concentrations of 
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POPs in feto-maternal tissues, including maternal blood, placental tissue and 
umbilical cord blood (Chapter 5);  
• To investigate the impact of POPs on fetal growth and development in the general 
population of Singapore by exploring the correlations between intrauterine 
exposure to POPs and the newborn birth outcome (Chapter 6);  
• To assess the potential risks of postnatal exposure to POPs on infants’ health via 
breastfeeding, and to explore the factors regulating the elimination of maternal 
body burden of POPs during the lactation period (Chapter 7); 
 
Recently, house dust has been identified as a significant exposure pathway of POPs, 
especially PBDEs to young children (Wilford et al., 2005). Contamination of house 
dust renders children continuously exposed to these harmful chemicals via inhalation, 
ingestion and hand-to-mouth transfer, or direct skin contact. Considering the 
potentially significant impact on child health, the house dust of Singapore was also 
investigated. Therefore, the last objective of this study was: 
 
•  To determine the prevailing levels of POPs in house dust, and to assess the health 
risks to children and adults in Singapore via ingestion and inhalation of 
contaminated house dust. Finally, an overall health risk assessment was 
performed based on the available data considering all potential human exposure 
pathways (Chapter 8). 
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This study establishes the background data of POPs in fetal circulation (umbilical 
cord blood) in Singapore, and provides data for international comparison and further 
temporal trend analysis. Significant relationships found between levels of POPs in 
human tissues and exposure pathways could shed light on the need for further 
epidemiological studies. In addition, the feto-maternal pair-wise study is of great 
importance as it illustrates the transfer behavior of POPs between mother and fetus, 
which could contribute to our further scientific understanding on the vertical 
transmission of POPs. 
 
As this is a multi-disciplinary study, knowledge of many fields is required, including 
analytical chemistry, physiology, toxicology, and statistical analysis. Therefore, the 
following chapter reviews the available literature on the physico-chemical 
characteristics of POPs, their environmental behavior, the up-to-date findings on 
human exposure, the adverse effects of POPs on human health, and the analytical 
methods for POP detection in various matrices.   
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CHAPTER 2 LITERATURE REVIEW 
2.1 Introduction to POPs  
Persistent Organic Pollutants (POPs) are defined as the chemical substances that 
persist in the environment, bioaccumulate in food chains, and pose a risk of adverse 
effects to human health and the environment (UNEP, 2008). The chemical structures 
of the typical compounds are presented in Figure 2-1, and their physico-chemical 
properties are summarized in Table 2-1. These molecules are structurally 
symmetrical and of great stability which render them high lipophilicity and highly 
resistant to chemical and biological degradation processes such as free radicals and 
direct oxidation, reduction, hydrolysis, and photolysis (Bard, 1999; Koziol and 




Figure 2-1. Chemical structures of selected POPs.  
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 (at 25oC) 
Atmospheric 
half-life      
(hrs) 
References 
p,p’-DDE C14H8Cl4 318 5.7 170 
p,p’-DDD C14H10Cl4 320.1 5.5 41 
DDTs 





cis-CHL C10H6Cl8 409.8 6.0 55 Chlordanes 
trans-CHL C10H6Cl8 409.8 6.0 55  
(Mackay et 
al., 2006) 
α-HCH C6Cl6 290.9 3.81 NA
a 
β-HCH C6Cl6 290.9 NA NA 
γ-HCH C6Cl6 290.9 3.8 300 
HCHs 







Di-PCBs C12H8Cl2 223.1 4.9-5.30 170 
Tri-PCBs C12H7Cl3 257.5 5.5-5.90 550 
Tetra-PCBs C12H6Cl4 292 5.6-6.50 1700 
Penta-PCBs C12H5Cl5 326.4 6.2-6.50 1700 
PCBs 
Hexa-PCBs C12H4Cl6 360.9 6.7-7.30 5500 
(Mackay et 
al., 2006) 
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Hepta-PCBs C12H3Cl7 395.3 6.7-7.0 5500 
Octa-PCBs C12H2Cl8 429.8 7.1 17000 
Nona-PCBs C12HCl9 464.2 7.2-8.16 17000 
Deca-PCB C12Cl10 499.0 8.3 NA 
Tri-PBDEs C12H7Br3O 406.9 5.5-5.6 NA 
Tetra-PBDEs C12H6Br4O 485.8 5.9-6.2 NA 
Penta-PBDEs C12H5Br5O 564.7 6.5-7.0 NA 
Hexa-PBDEs C12H4Br6O 643.6 6.9-7.9 NA 
Hepta-PBDEs C12H3Br7O 722.5 9.4 NA 
Octa-PBDEs C12H2Br8O 801.4 5.5-8.9 NA 
PBDEs 
Deca-PBDEs C12Br10O 952.2 11.5 <15 min 
(Rahman et 
al., 2001; 





a: NA: not available 
  
DDT is the most commonly detected and abundant organochlorine pesticide in 
various environmental and human samples. p,p’-DDT (4,4'-(2,2,2-trichloroethane-
1,1-diyl)bis(chlorobenzene)), with chlorine atoms substituted at the opposite positions 
on the benzene ring, is the most predominant isomer comprising 77% of the DDT 
formulation. Its major biodegradation products and metabolites p,p’-DDE (1,1-bis-(4-
chlorophenyl)-2,2-dichloroethene) and p,p’-DDD  (1-chloro-4-[2,2-dichloro-1-(4-
chlorophenyl)ethyl]benzene) are also of high persistency and considered as POPs. 
Chlordane was used widely as an insecticide on food crops and as a termiticide in 
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buildings and homes. Cis-chlordane and trans-chlordane are two predominant 
isomers in technical chlordane, mixed with many other side products. Despite not 
being in the “black list” of POPs, as defined by the United Nations Environment 
Programme (UNEP), HCHs (hexachlorocyclohexanes) are also deemed as persistent 
toxic substances and are generally accepted as POPs. Technical HCH is constituted 
by 67–70% of α-HCH isomer, 13% of γ-HCH isomer, 6% of δ-HCH isomer, 5–6% of 
β-HCH isomer and traces of ε-HCH, λ-HCH and ν-HCH isomers (Fabre et al., 2005). 
It has insecticide properties because of the γ-HCH isomer which is commonly 
referred to as Lindane. This isomer has the highest acute mammalian and insecticidal 
toxicity, and is used extensively for agricultural and public health purposes in many 
developing countries.  
 
PCBs are a family of 209 congeners, with a degree of substitution ranging from 1 to 
10 chlorine atoms on the biphenyl structure (as shown in Figure 2-1). The ubiquity of 
PCBs in the environment is due to their large scale production and massive use over 
the world between 1930 and the mid-1980´s in a range of technical mixtures. They 
have been widely used in the past in electrical, heat transfer and hydraulic equipment, 
printing inks, plasticizers in paints, plastics, and rubber products, owing to their high 
thermal stability and resistance to oxidation, acids, bases, and other chemical agents 
(Kutz et al., 1991a). Approximately 180 congeners have been identified in 
commercial products such as Aroclor 1254, Aroclor 1260 and Chlopen A60 
(Rushneck et al., 2004).  In 1980, Ballschmiter and Zell (1980) first proposed a 
numbering system for PCB congeners, giving each congener a number from 1 to 209. 
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This system was further updated by Schulte and Malisch (1983) and the International 
Union of Pure and Applied Chemistry (IUPAC). Recently, Mills III and his co-
workers (2007) summarized the nomenclature for PCBs from different systems, and 
an example is given in Appendix A. The degree and position of substitution has a 
major influence on physico-chemical properties, such as lipophilicity, volatility, water 
solubility, biodegradability, as well as toxicity (de Wit, 2002). Thirteen of the 209 
PCB congeners share certain toxicological properties with the PCDD/F and have been 
regarded as dioxin-like PCBs (e.g. PCB77, PCB126, and PCB169). These PCBs have 
been assigned the toxic equivalents (TEQs) based on 2,3,7,8- TCDD, but they are at 
least an order of magnitude less toxic than 2,3,7,8-TCDD (Van Oostdam et al., 1999). 
Dioxin-like PCBs are of high toxicity but their presence in the environment is at trace 
levels (e.g. at ppt level) (De Voogt et al., 1990). 
 
Similarly, PBDEs are named according to the nomenclature for PCBs with different 
levels of substitution of bromine atoms on diphenyl ether skeleton. The number of 
PBDE congeners used in commercial products, and thus found in environmental 
samples, is quite small compared to the number of PCB congeners commonly found, 
and congeners with less than four bromine atoms are generally not present in 
commercial PBDE products (Darnerud et al., 2001). PBDEs are used as additives in 
plastics, textiles, electronic circuitry and other materials to suppress the fire. Three 
major commercial mixtures of PBDEs are produced: deca-PBDE, octa-PBDE, and 
penta-PBDE. Deca-PBDE is currently the major product, accounting for 75% of total 
PBDE production (BSEF, 2003). As PBDEs are not covalently bonded into the 
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polymer molecules, they are particularly susceptible to leaching and disseminate into 
the environment, which leads to their ubiquity in ecosystems (de Wit, 2002). 
 
2.2 Environmental Behavior of POPs 
POPs are distributed at the global scale, even in remote areas such as the Arctic and 
the Antarctic where these man-made chemicals have never been used (Aguilar et al., 
2002). Wania and Mackay (1993) proposed the global distillation/fractionation theory 
which explained the atmospheric transportation phenomenon of POPs, and suggested 
that the polar regions may become sinks for POPs. A general tendency of the 
atmospheric transport system is that these substances are evaporated and spread at the 
lower latitudes with warmer climates followed by precipitation and condensation in 
colder latitudes. Their theory has later received support from modeling and 
monitoring data (Vallack et al., 1998; Meijer et al., 2003), indicating the importance 
of atmospheric transport in dispersing these pollutants. In addition, oceanic currents 
also account for the wide spread distribution of POPs. In addition, in aqueous 
environments, the behavior and distribution of POPs is determined by the physico-
chemical properties of molecules, i.e. the water solubility and the octanol-water 
partition coefficient (Kow) (the values of log Kow of selected POPs are presented in 
Table 2-1). For example, higher brominated PBDE congeners tend to end up in 
sediments rather than bioaccumulate in the food chain of aquatic ecosystems as they 
have a low volatility and water solubility, but are strongly adsorbed on particles and 
are consequently less bioavailable (Watanabe and Sakai, 2003). Generally, 
biomagnification of POPs through aquatic-based food chains is greater than 
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terrestrial-based food chains, as in the terrestrial ecosystem bioaccumulation is 
restricted by lower bioavailability, longer food chains and a comparatively lower fat 
content of organisms (Ellgehausen et al., 1980). 
 
Degradation and metabolism processes of POPs are very slow, and the pathways vary 
under different conditions. Taking DDT for example, in the soil and water 
environment, the breakdown products of DDT are DDE (under aerobic conditions) 
and DDD (under anaerobic conditions) (Aislabie et al., 1997). While in humans, DDT 
is dechlorinated to DDD, and then excreted directly or metabolized to 
dichlorodiphenyl acetic acid (DDA) (Kutz et al., 1991a). DDA is water soluble and 
excretable, and thus is readily eliminated in a conjugated form from the body in urine 
(Kutz et al., 1991a). Researchers (Kutz et al., 1991a) believed that DDE in the human 
body was mainly as a result of ingesting DDE previously degraded in the 
environment from DDT rather than as a metabolite from DDT in humans. Though the 
transformation products of DDT are known, their biochemical pathways have not 
been completely established even after decades of study (Hayes, 1991). γ-HCH, 
commonly referred to as Lindane, is used extensively for agricultural and public 
health purposes worldwide. In organisms, the gamma isomer is biotransformed to 
conjugated chlorophenols and excreted rapidly from the body. In contrast, β-HCH is 
metabolized very slowly and has a stronger tendency to become incorporated into 
food chains. Therefore, beta isomer was found to be the most prevalent in the fatty 
tissues among all HCHs. Degradation of PCB and PBDE congeners is in the form of 
hydroxylation or dehalogenation, the processes of which are strongly related to the 
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substitution degree and position of halogen atoms. In humans, the metabolism of 
PCBs and PBDEs is very slow, as they do not have reactive functional groups. These 
lipophilic molecules have to be hydroxylated first to make them more polar and 
consequently excretable. Hydroxylation primarily occurs by the hepatic P450-
dependent monoxygenase system (Brown et al., 1994; Hakk and Letcher, 2003). 
 
2.3 Human Exposure to POPs 
2.3.1 Exposure pathways 
The exposure pathways to POPs for humans include food and water intake, dermal 
absorption, and inhalation of ambient air and airborne particles (Duarte-Davidson and 
Jones, 1994). Food consumption has been regarded as the most important route of 
exposure for the general population (Dougherty et al., 2000; Stefanelli et al., 2004). 
Among food items, fish and seafood are identified as the major source of many 
liphophilic compounds in human beings, probably due to more efficient 
biomagification of POPs in aquatic ecosystems. Elevated blood levels of PCBs have 
been found in the residents of Greenland (Bjerregaard et al., 2001; Johansen et al., 
2004) and in Michigan anglers in the Great Lake district (He et al., 2001) whose diet 
was predominated by fish. In addition, Duarte-Davidson and Jones (1994) 
investigated the food items consumed in the UK, and indicated that dairy product and 
animal meat are the major sources of POPs for those who do not consume substantial 
amount of seafood and fish. Dietary habits have been considered as the most 
important factor influencing the prevalence of POPs in the human body.  




Other than food consumption, direct skin or air contact with pollutants is possible 
transfer path, and this path is more important in cases of occupational or accidental 
exposure. Elevated blood levels of contaminants have been observed in workers who 
applied pesticides or manufactured PCB or PBDE containing products, mainly due to 
dermal absorption or inhalation of contaminated air (Vallack et al., 1998; Sjodin et 
al., 2003; Thuresson et al., 2005). 
 
2.3.2 Prevalence of POPs in humans 
POPs which enter the human body are partially metabolized to water soluble 
compounds and are excreted through urine, but most of them are resistant to 
metabolism and sequestered into fatty tissues. In the past few decades, body burdens 
of POPs and their metabolites in humans have been investigated in a range of 
matrices including adipose tissue, blood, human milk, follicular fluid, and more 
recently in human hair (Covaci et al., 2002b). Nowadays, with the prohibition on 
production and use in many countries, a steady decline of the concentrations of OCPs 
and PCBs in human tissues has been observed (Pines et al., 1987; Kutz et al., 1991b; 
Fensterheim, 1993; He et al., 2001). For example, the residues of POPs in breast milk 
have continuously decreased worldwide in recent years after an incredibly increment 
during 1970s’ to 1990s’  (Norén and Meironyté, 2000; Lind et al., 2003).  
 
Spatial variations have been reported for levels of POPs over the world. Elevated 
levels of POPs in humans near the circumpolar areas have been reported, which is 
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attributed to the atmospheric transport and fractionation of these pollutants. As an 
example of this phenomenon, mothers living in one Canadian Inuit arctic community 
were found to have a residue of POPs much higher than those people in warmer areas 
which are more industrialized and densely populated (Kinloch et al., 1992). 
Differences in the application of POPs among nations could be another reason for the 
spatial variations. For example, the tissue level of penta-PBDEs was much higher in 
North America compared with European and Asian countries, which is likely a result 
of the extensive use of PBDEs on the North American continent where the average 
industrial consumption of penta-PBDEs is over 40 times than that of Asia (Sjodin et 
al., 2003).  
 
Several factors have been identified as strongly affecting the accumulation of POPs in 
human body. Alimentary habit is ascertained to be one of the important indicators. 
Age has also emerged as a predictor for the levels of pesticide and PCBs in human 
tissue, where an age-dependent accumulation of POPs has been observed in many 
studies (Kutz et al., 1991a). No such trend was observed for PBDEs, which is 
probably due to the relatively shorter half-lives of these compounds in the human 
body (Sjodin et al., 2003). However, a significantly higher level of PBDEs was 
reported in the serum of the occupational exposed workers who produced and handled 
PBDE containing commercial rubber compared with unexposed workers (Thuresson 
et al., 2005).  
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2.3.3 Perinatal exposure to POPs  
Adverse pregnancy outcomes were reported in pregnant women who were exposed to 
rice oil contaminated with PCBs in the Yusho epidemic in Japan in 1968, including 
stillbirth, gray-brown discoloration of skin, gingiva and nails (cola-colored babies), 
parchment-like skin with desquamation, exophthalmus, teeth present at birth, 
conjunctivitis, and a low birth weight (Taki et al., 1969). This indicates that POPs 
readily cross the placental barrier into fetal circulation, and subsequently cause health 
impairment in newborns. As a lipid-rich matrix, breast milk is regarded as one 
effective decontamination pathway for the nursing mothers to eliminate lipophilic 
toxins. Depuration of POPs via breast milk could confer the baby with approximately 
20% of the mother’s lifelong burden of pesticides over the first 3 months of 
breastfeeding (Duarte-Davidson et al., 1994). Elimination of these pollutants via 
transplancental transfer during pregnancy and via breastfeeding may pose great health 
risks to the fetus and infants who are more vulnerable to these xenobiotics as their 
organs and detoxification enzymatic systems are not well developed. 
 
2.3.4 Toxicological effects of POPs on humans 
POPs elicit a broad spectrum of biochemical and toxic responses. Potential health 
effects of POPs include immunotoxicity, teratogenicity, reproductive toxicity, and 
some of the compounds are considered carcinogenic or potentially carcinogenic 
(Vallack et al., 1998). PCDD/Fs and dioxin-like PCBs are known to bind to a 
cytosolic receptor called the Ah (aryl hydrocarbon) receptor and subsequently perturb 
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the control of structural genes for a number of  proteins  (De Voogt et al., 1990). 
PBDEs seem to cause adverse effects at a comparably high dose, and the critical 
effects are on neurobehavioral development. PBDEs are also potentially carcinogenic 
and may cause hormone disruption as they are structurally similar to thyroid 
hormones (Meerts et al., 2000; Darnerud, 2003).  
 
The exposure to POPs in utero has been linked to adverse effects on fetuses including 
intrauterine growth retardation (IUGR), neurocognitive deficits, and hormonal 
dysfunctions (Rogan et al., 1986; Jacobson et al., 1990; Jacobson and Jacobson, 1996; 
Berkowitz et al., 2004). The developing brain and nervous system in the fetus appear 
to be most vulnerable. A study from Lake Michigan indicated that babies born to 
mothers who consumed large amounts of fish contaminated with PCBs had lower 
birth weights, smaller head circumference and a shorter attention span than those 
from mothers who did not (Jacobson et al., 1990). The adverse effects of prenatal 
exposure have also been linked to deficits in intellectual function of these children 
over a time span of 11 years, where they were found to perform poorly in a range of 
skills and developmental tests in a follow-up investigation (Jacobson and Jacobson, 
1996).  
 
2.4 POPs in Singapore  
Singapore, located in Southeast Asia, is approximately 120 km north of the equator at 
the southern tip of the Malaysian peninsula with Indonesia to the southwest (Figure 
2-2). This strategic geographical location has led Singapore to become one of the 
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most vibrant trade and shipping ports in the world. Singapore is highly urbanized and 
densely populated, reaching 4.55 million persons in 2007 (CIA, 2008).  
 
 
Figure 2-2. Geographical location of Singapore (a) and map of Singapore (b) 
(adapted from Bayen et al. (2003b)). 
 
POPs of concern have been officially banned in Singapore except for the PBDEs 
(UNEP, 2002b). PCBs were prohibited the earliest in 1980, followed by aldrin, 
dieldrin, endrin, DDT, heptachlor, HCB, toxaphene, and mirex in 1985. Application 
of chlordanes was banned in 1999, and HCHs were never registered for use in 
Singapore. However, considering the potential for cross-boundary transportation of 
POPs, Singapore may be continuously exposed to these pollutants originating from 
neighbouring countries. The use of pesticides, such as DDT and Lindane, in some 
tropical countries is only partially restricted. DDT use is justified for the eradication 
of disease vectors such as the malaria-carrying mosquito in countries, such as 
Philippines. Lindane is still permitted in palm oil and coconut plantations in Malaysia 
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(Sudaryanto et al., 2005). Moreover, the release of POPs could continue via their 
leaching from landfills, and from previously contaminated soils and sediments. 
 
The earliest scientific literature on the occurrence of POPs in Singapore was recorded 
in 1982, via a mussel watch project that monitored contaminants in local coastal 
waters (Sivalingam et al., 1982). More recently, local data are available on the 
prevailing levels of POPs in various media including seawater, marine sediment and 
organisms, and maternal adipose tissue. In a local market study, 20 typical seafood 
and fish sold in Singapore were investigated to quantify the concentrations of POPs in 
these food species (Bayen et al., 2005c). It was demonstrated that POPs were 
ubiquitous in the seafood and fish, suggesting the existence of a human exposure 
route to these chemicals via dietary intake in Singapore. Chlordanes, DDTs and PCBs 
were the predominant pollutants, detected in 75, 90 and 100% of the seafood types 
respectively. Compared with human consumption studies conducted elsewhere, the 
mean daily intake of PCBs from seafood in Singapore represents only 6% of the total 
daily intake of a whole diet in Italy estimated in 1999 (Zuccato et al., 1999), but 
exposure to DDTs via seafood consumption in Singapore is 2.5 times higher than that 
for Italians, according to a study conducted in 1997 (Stefanelli et al., 2004). 
Encouragingly, the residues of POPs in seafood and fish in Singapore are generally 
below the respective threshold values according to the food standard of maximum 
residue limits (MRLs) established by Singapore government and the U.S. FDA 
(Bayen et al., 2005c). The estimated mean daily intake (MDI) of contaminants (g d-1 
kg-1 body weight) from seafood for a 60 kg adult in Singapore is also below the ‘oral 
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reference dose’ (Oral RfD) proposed by the U.S. EPA, but the intakes of DDTs, 
Heptachlor and PCBs exceed the cancer benchmark concentrations, suggesting a 
significant number of Singapore people are potentially at risk as a result of seafood 
consumption over their lifetime (Bayen et al., 2005c). These comparably high levels 
suggest on-going human exposure to these prohibited POPs, which should receive 
special attention. 
 
Reports on human tissue residues of POPs in Singapore date back to 1997 from a 
study conducted by Luo et al. (1997), who reported the DDT levels in blood serum 
were 2.9 ppb for males and 1.5 ppb for females, and 8.1 ppb and 13.4 ppb for DDE 
respectively. These levels were lower than those in countries where DDT is still being 
used, such as India (135.9±82.9 ppb) (Kashyap et al., 1994). Higher DDT and DDE 
residues were found in Chinese-Singaporean nationals relative to other ethnic groups, 
and this was attributed to a greater amount of fish consumption in the Chinese 
population. Lately, Li et al. (2005c) reported a validated method procedure using 
microwave-assisted extraction (MAE) and the first available data of the 
concentrations of PBDEs in maternal adipose tissue collected from inhabitants of 
Singapore. MAE yielded comparably precise data (variance less than 13%) relative to 
traditional soxhlet extraction (SE). The high recoveries of spiked 13carbon-labeled 
PBDE congeners confirmed the efficiency of MAE. In a follow-up study, Li et al. 
(2006a) expanded the sample size to 36, and examined a more comprehensive list of 
POPs including pesticides, PCBs and PBDEs. Analytical results indicated that p,p'-
DDE (0.789 µg g-1 lipid weight) (a metabolite of DDT) was the predominant 
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compound in adipose tissue, followed by β-HCH (0.214 µg g-1 lipid weight ) (among 
HCH isomers), and then specific PCB and PBDE congeners. Preliminary data on the 
levels of organochlorine pesticides (OCPs) were found to be comparable to mean 
level of p,p'-DDE (0.77 µg g-1 lipid weight) reported for Poland in 2001 (Strucinski et 
al., 2002). For total PCB congeners (40 congeners), the mean concentration of 57 ng 
g-1 lipid weight basis is lower than values reported from Belgium in 1998 and 2000 
(Pauwels et al., 2000; Covaci et al., 2002a). Although concentrations are comparable 
to or lower than those observed elsewhere, longer term monitoring of a larger cross 
section of the population is warranted in order to establish temporal trends and 
potential risks to human health.  
 
2.5 Analysis of POPs 
Generally, the steps for determination of POPs include extraction, cleanup and 
quantification. In the last 40 years, analytical organic chemists have been dedicated to 
the development and optimization of methods for extraction of POPs from various 
environmental and biological matrices, removal of analytical interferences, and 
effective quantification. Meanwhile, quality assurance/quality control measurements 
were established in order to ascertain the quality of data obtained. 
 
2.5.1 Extraction of POPs 
The extraction method deployed depends on the sample matrix. Typical solvents used 
for POP extraction are non-polar or slightly polar, e.g. hexane, cyclohexane, toluene, 
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or petroleum ether. Binary (mixed polar and non-polar solvents) or tertiary solvent 
mixtures have been developed to achieve high extraction efficiency. The most 
commonly used extraction solvents include a hexane/acetone mixture, or a 
hexane/dichloromethane (DCM) mixture. Use of polar solvents in the mixture can aid 
in “wetting” the sample and facilitate the transfer of POPs into a polar solvent from 
the sample matrix. This can enhance the extraction efficiency (De Voogt et al., 1990).  
 
Liquid–liquid extraction (LLE) is one of the fundamental techniques for the 
separation of chemical species from a medium or from other coexisting components. 
This method is most widely applied to aqueous-based samples, such as human blood 
and breast milk. Blood extraction involves an additional protein denaturation step by 
applying a hydrochloric acid/iso-propanol or a formic acid/iso-propanol mixture. 
Blood contains lipoproteins rather than simple triglycerides (the main lipids in 
adipose tissue and milk), and therefore liberation of POPs from complex protein 
binding sites is needed prior to extraction (Pauwels et al., 1999). A solvent mixture of 
hexane/ methyl tert-butyl ether (MTBE) has been shown to provide good recovery of 
neutral and phenolic halogenated compounds in human serum (Hovander et al., 2000; 
Hovander et al., 2002). For milk extraction, a boiling method has been shown to be 
efficient: milk fat is separated from the aqueous phase and boiled for 10 minutes with 
n-hexane in the presence of anhydrous sodium sulfate (Kalantzi et al., 2004). 
Alternatively, a lipophilic gel and formic acid was used to extact PBDEs in human 
milk (Meironyté et al., 1999). However, it took 2.5 hours with shaking after the milk 
samples were incorporated into the gel, which is very time-consuming. Solid phase 
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extraction (SPE) has become more and more popular for the determination of POPs in 
aquatic samples and been shown to have a high efficiency and reliability (Pauwels et 
al., 1999). 
 
Current published methods for the extraction of POPs in solid samples include SE, 
ultra-sonication, supercritical fluid extraction (SFE), accelerated solvent extraction 
(ASE), and MAE. Although higher equipment costs are involved compared to SE, the 
new techniques SFE, ASE and MAE have the advantage of lower solvent 
consumption, which reduces analytical costs and renders the procedures more 
environmentally friendly. They also achieve a reduced extraction time and can be 
highly automated (Björklund et al., 2001). SFE is less reliable compared with other 
techniques due to the relatively poor reproducibility (de Boer et al., 2001), whereas 
ASE and MAE have been widely used for recovery of POPs from mammal tissues 
and from human milk (Covaci et al., 2003; She et al., 2007). Theoretically, the 
application of microwave on sample induces ionic conduction and dipole rotation, 
leading to the intrinsic heating of the sample (Eskilsson and Bjorklund, 2000). When 
performed in closed-vessels, the extraction solvent achieves a temperature and 
pressure greater than those obtained using conventional techniques. Efficiency and 
speed of the extraction are thus significantly enhanced.  
 
The matrices for biomonitoring of POPs are mostly those rich in lipids and of long 
biological half-lives (i.e. good stability), such as fat tissue, serum, plasma, and breast 
milk. Since POPs are inherently lipophilic and they tend to sequester into the fat of 
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the body, their concentrations are dependent upon the lipid content of the matrix. As 
such, POPs levels are often normalized by the lipid content, which is especially useful 
for inter-sample comparisons (Barr and Needham, 2002). 
 
Lipid content is often determined prior to cleanup via gravimetric measurement by 
drying a fraction of the sample extract to constant weight (Bligh and Dyer, 1959; 
Brown and Lawton, 1984; de Boer, 1988), or via enzymatic tests (Thomsen et al., 
2001; Thomsen et al., 2002a; Thomsen et al., 2002b; Rylander et al., 2006).  
 
2.5.2 Cleanup of extracts 
Removal of matrix interferences is a major challenge for POPs analysis, especially 
eliminating the lipids in biological samples. Several nondestructive cleanup 
techniques are usually employed for the elimination of interferences that can 
adversely affect GC separation of POPs, such as gel permeation chromatography 
(GPC) and column adsorption chromatography packed with neutral adsorbents, such 
as silica gel, alumina or Florisil,. GPC is based on a size exclusion chromatography 
and is used to separate molecules base on molecular size differences. Lipids with 
greater molecular weight will elute without being trapped in the GPC beads, whereas 
smaller molecules like POPs will enter the bead pores and elute later, thereby 
separating interferences from target components. The diagrammatic representation of 
GPC is shown in Figure 2-3. DCM or mixtures of DCM/hexane or ethylacetate/ 
cyclohexane are commonly applied as eluents. It is noted that sample cleanup using 
adsorption columns may not provide complete removal of lipids because they have 
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similar polarity to those of the target compounds (Pauwels et al., 1999). The small 
loading of adsorption columns is another limiting factor (De Voogt et al., 1990). 
Large throughput of solvents and adsorbents could lead to high costs and higher risk 
of contamination, if increasing the dimensions of these techniques. 
 
 
Figure 2-3. Diagrammatic representation of gel permeation chromatography 
(source: http://www.sci.sdsu.edu/TFrey/Bio750/Chromatography.html). 
 
Destructive cleanup, e.g. sulphuric acid treatment either directly to the extract or via 
impregnated silica columns, and saponification (Johansen et al., 1996), is more 
efficient than non-destructive methods in removal of lipids and other interferents. 
Sulphuric acid treatment also allows the removal of phthalate esters which originate 
from serum collection vials (i.e. Vacutainer™) and will co-elute with some analytes 
during GC separation (Pauwels et al., 1999; Covaci et al., 2003). However, direct use 
of concentrated acids needs several extraction and centrifugation steps, thus making 
the procedure labor intensive and time-consuming. In contrast, a silica gel column 
impregnated with sulphuric acid is considered more efficient, safer and easier to 
Chapter 2: Literature Review 
 
27 
manipulate, but inhalation of fine acid containing particles should be avoided. 
Impregnation performs as follows: a mixture of silica gel and concentrated sulphuric 
acid (2:1, w:w) is shaken vigorously to achieve homogenization. The resulting 
mixture (6g) is packed in a glass column (OD=15mm) and flushed with 30 ml of 
eluting solvent to remove any contaminants.  
Sulphuric acid or acidified silica gel treatment has been found to be highly efficient in 
eliminating interferences. However, some compounds cannot resist the strong acidic 
conditions, such as HCB, methoxychlor, heptachlor epoxide, dieldrin, endrin, and 
mirex (di Muccio et al., 1990; Pauwels et al., 1999; de Boer et al., 2001). Similarly, 
high temperatures and long exposure time in saponification may also cause 
degradation of some compounds, such as highly chlorinated/ brominated congeners 
(de Boer et al., 2001; Ohta et al., 2002; Numata et al., 2005). 
 
2.5.3 Gas chromatography separation and mass spectrometry detection 
Due to the large number of potential analytes present in the final extract (e.g. 209 
PCB and PBDE congeners), adequate separation of the compounds of interest is 
required. Gas chromatography (GC) has emerged as a tool of choice to separate 
analytes, based on their different boiling points and interactions with the stationary 
phase. Non- or slightly polar capillary GC columns have been shown to be suitable 
for the separation of analytes of low polarity (Frame, 1997). OCPs, PCBs and PBDEs 
can be easily separated on non-polar or semi-polar columns such as 100% methyl-
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polysiloxane type (DB-1) and 5% phenyl-dimethyl polysiloxane type (DB-5, CP-Sil 8 
or AT-5) with column lengths ranging from 15 to 60 m (de Boer et al., 2001).  
 
PBDE 209 should receive special attention because it is unstable at higher 
temperatures. On-column injection has been successfully applied for the introduction 
of extracts with PBDE 209 into the GC system to prevent degradation. However, the 
extracts need to be very clean to avoid quick deterioration of GC column. The GC 
column should be relatively short, preferably 10–15 m, to reduce, as much as 
possible, the residence time of PBDE 209 (de Boer et al., 2001). The maximum oven 
temperature should be 300 °C, and it should be applied only for a short time at the 
end of the oven temperature program (Covaci et al., 2003). 
 
Mass spectrometry (MS) is now routinely used for POPs quantification due to its 
superior sensitivity and selectivity. In the electron impact ionization (EI) mode, 
molecules are bombarded by high energy electrons which results in ionization and 
further fragmentation of the molecules. This ionization method gives reproducible 
mass spectra, molecular weight and structure information about the compound 
analyzed. Negative chemical ionization (NCI), alternatively called electron capture 
negative ionization (ECNI) or negative ion chemical ionization (NICI), is a “soft” 
ionization technique. In NCI, the low-energy electrons (thermal electrons), generated 
by interactions between a high-energy electron beam and a moderating reagent gas, 
react with the analytes to form negative ions (Dougherty et al., 1972). The benefits of 
NCI are efficient ionization, higher sensitivity and less fragmentation than EI or 
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positive-ion chemical ionization (CI), and therefore it is widely use for the 
determination of low amounts of brominated compounds defined in various samples  
(Sellström et al., 1993; Asplund et al., 1999; Sjödin et al., 1999; Thomsen et al., 
2001; Vetter, 2001; Booij et al., 2002). In NCI mode, PBDEs show a typical 79Br 
(50.5%) and 81Br (49.5%) isotope distribution pattern (Sellström et al., 1993) which 
are monitored for quantification.  Other mass fragments are also used, such as m/z 
484.7 and 486.7 for PBDE 209 and m/z 498.7 and 500.7 for 13carbon-PBDE 209 
(Dirtu et al., 2008).  
 
Alternative methods for quantification of POPs include bioassay techniques, which 
are based on biological interactions with these compounds. Techniques, such as the 
enzyme-linked immunoabsorbent assays (ELISA), the chemically activated luciferase 
gene expression (CALUX) cell bioassay, the micro-ethoxyresorufin-o-deethylase 
(EROD) bioassay, and human cell-based bioassay, have been successfully applied to 
evaluate POPs in environmental samples (Sherry, 1997; Zajicek et al., 2000; 
Behnisch et al., 2001; Roy et al., 2002; Bayen et al., 2004a; Schoeters et al., 
2004).These techniques are recommended for semi-quantitative analysis, and are 
ideal for screening samples and complement more elaborate techniques involving 
GC-MS analysis (Muir and Sverko, 2006). 
 
2.5.4 Quality assurance/quality control 
A systematic quality assurance/quality control (QA/QC) program is needed to 
validate analytical methods, as well as to ensure the quality of data. The program 
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consists of several testing procedures including: i) analysis of a certified standard 
reference material (SRM) to ensure accuracy, ii) employing surrogate recovery 
standard substances providing information on losses of analytes from the extraction 
step onwards, iii) performing repeated measurements to confirm the validity of an 
analytical run and to measure analytical precision, iv) using “blank” samples to 
monitor laboratory contamination, v) calculation of detection limits, and vi) regularly 
verifying instrument calibration.  
 
Assessment of method performance on a specific sample matrix can be accomplished 
by testing a certified SRM which has been analyzed by an experienced reference lab. 
However, when SRMs are not available, recovery studies where a sample matrix is 
spiked with individual analytes prior to extraction (known as matrix spiking) are an 
alternative for determining the performance of an analytical method. A method can be 
considered efficient if recoveries of the analytes are sufficiently high (>70%, 
preferably >90%). Cautions should be taken for performing recovery studies, as 
recovery measurements of spiked samples may not be able to provide the information 
of true extractability of analytes from naturally contaminated matrices. Extraction 
from spiked samples could be much easier since the spiked analytes are not 
incorporated in the matrix (Muir and Sverko, 2006).  
 
A surrogate (recovery standard/internal standard) which comprises a few compounds 
that are similar to the compounds of interest, are spiked into all samples and blanks at 
the beginning of the procedure. This procedure, known as surrogate spiking, should 
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always be undertaken in order to understand the analyte losses incurred throughout 
the analytical procedure. A syringe standard also needs to be added into the final 
extract before GC injection to adjust inter-injection and instrumental fluctuations 
(Covaci et al., 2003). These standards should not be present in the sample, but should 
have chromatographic and physical properties similar to those of the analytes. A 
13carbon-labeled analogue is preferred, but detection of PBDEs (except for PBDE209) 
in NCI mode could be avoided, as in NCI mode, brominated compounds generate 
mainly the Br- ions (m/z 79 and 81), making 12carbon- and 13carbon- analogue 
indistinguishable. Alternatively, PBDE congeners, i.e. unlabeled PBDE 77, 116 and 
126, which are normally not present in commercial mixtures, are most commonly 
selected as the recovery standards for determination of PBDEs in NCI mode. 
Performance of an analytical method should be assessed by measuring the recoveries 
of internal standards after extraction, cleanup and any other sample treatment steps.  
 
Operations must be performed to ensure the ability of a method to generate acceptable 
precision. The precision of an analytical method may be considered as the 
repeatability, which can be assessed by parallel analysis of several aliquots (EPA, 
1999). The average (mean) and relative standard deviation (RSD) of the concentration 
for each compound are is calculated. If the RSD falls outside the acceptance criteria, 
the analytical procedure is unacceptable and correction of the problem and repeating 
the test is required. 
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Contamination during sample treatment may exist, especially for those ubiquitous in 
ambient air. For example, in PBDE analysis, significant concentrations of PBDE 47 
and PBDE 99 have been identified in laboratory air (Thomsen et al., 2001), which can 
severely affect the accuracy of the results. This problem can be solved by running 
procedural blanks with every batch and adjusting the sample concentration by 
subtracting blanks from the values found in the samples.  
 
The limit of detection (LOD) and the limit of quantification (LOQ) may be estimated 
in different ways depending on QA/QC consideration and what are being defined. 
One method for affirming the instrument detection limit (IDL) is by extrapolating the 
concentration that would result in a signal-to-noise ratio (S/N) of 3, and 10 for LOQ. 
The LOQ is the limit at which the difference between two values could be reasonably 
distinguished. Estimating LOD and LOQ using standard solutions should be 
discouraged, while extrapolating results for low-level contaminated or spiked samples 
is recommended. Another detection limit is method detection limit (MDL) -- the 
lowest concentration at which target compound can be detected with common 
laboratory interferences present. The U.S. EPA defines MDL as “the minimum 
concentration that can be determined with 99% confidence that the true concentration 
is greater than zero.” The manner to calculate an U.S. EPA MDL is by multiplying 
the standard deviation (σ) of the replicate measurements of 7 samples of a 
concentration near the expected limit of detection by the Student’s t-value at a 99% 
percentile for n−1 degrees of freedom (Muir and Sverko, 2006).  
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Calibration of analytical instruments is a high priority and is always required for 
quantification. Peak area ratios with respect to an instrumental internal standard are 
plotted against the corresponding concentration ratios. The responses are found to be 
linear in the validated range, where good linearity are deemed with correlation 
coefficients (r) close to 1, e.g. better than 0.99. Instrument calibration should be 
performed before sample analysis and during sample analysis at intervals to ensure 
data quality is satisfactory. 
 
In summary, a good analytical method should yield sufficiently high recovery of 
analytes from matrices, with chromatograms having a good baseline, peak shape, and 
resolution where compounds that may deteriorate the column are absent in the extract 
(Covaci et al., 2003). The method’s stability and reliability should be assessed via 
regular analysis of standard solutions, procedural blanks, duplicate samples and 
SRMs. 
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Chapter 3 General Materials and Methods 
 
This chapter describes the general experimental materials and methods used in the 
study. Datasets pertaining to the analytical methods will be presented in the following 
sections as well as the subsequent chapters. Information includes, but is not limited to 
the items specified in Table 3-1. 
 




Sampling protocols Method, number, size and representativeness 
Storage temperature and location  
Sample tracking information Date received, date analyzed, lab batch number etc. 
Published analytical method e.g., EPA method 
Limit of detection/quantification  
Blanks Reagents and also field blanks if possible 
Recoveries   
Duplicates  
Calibration Source of standards; date stocks prepared 
Surrogate and internal standards  
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QA of cofators Such as lipid, organic carbon and moisture content 
Confirmatory tests e.g., Use of second GC column or other detection 
system 
Data manipulations Blank subtraction, recovery correction 
 
3.1 Substances Analyzed 
In general, selection of target analytes in this study was based on POP toxicity 
concerns, their abundance and persistence in the environment, and their detection 
based upon given methodology and instrumentation. Because of the similarity in 
physico-chemical properties, OCPs, PCBs (except non-ortho-substituted congeners) 
and PBDEs can be extracted and analyzed simultaneously in most cases, regardless of 
sample matrix. Therefore, the compounds of primary concern in this study were 
DDTs (p,p’-DDT, p,p’-DDD and p,p’-DDE), HCHs (α-, β-, γ- and δ-HCH), 
chlordanes (cis- and trans-chlordanes), 41 PCB congeners (PCB 17, 18, 28 & 31, 33, 
44, 49, 52, 70, 74, 82, 87, 95, 99, 101, 105, 110, 118, 128, 138 & 158, 149, 151, 153 
& 132, 156, 169, 170, 171, 177, 180, 183, 187, 191, 194, 195, 201, 205, 206, 208 and 
209) which are recommended by the Quebec Ministry of Environment for monitoring, 
and the most abundant and frequently detected 7 PBDE congeners (PBDE 28, 47, 99, 
100, 153, 154, 183).  
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3.2 Sample Collection and Storage 
This study involving human sample analysis was approved by the ethics committee of 
the National University of Singapore-Institutional Review Board (NUS-IRB), and 
was carried out with anonymous personal data. Human samples analyzed in this study 
were obtained from expectant mothers admitted to the National Hospital of Singapore 
for cesarean section during the years 2004 to 2006. Only persons born and residing in 
Singapore were considered, and participants were randomly selected and informed 
consents were obtained before sample collection. Maternal abdomen adipose tissue 
(approximately 5 g wet weight) and placental tissue (approximately 25 g wet weight) 
biopsies were obtained at cesarean section. For placental tissue sampling, a triangular 
portion was cut, including maternal and fetal sides as well as central and peripheral 
parts. Maternal blood was collected prior to surgery and cord blood was procured at 
delivery. Following coagulation, centrifugation was performed at 3000 rpm for 10 
min to obtain serum samples. Milk (10~20 ml) was obtained from the participants 
during their period of lactation.  
 
All samples were placed in acetone and hexane washed glass bottles and stored at 
minus 70°C prior to analysis. Samples were analyzed as soon as possible, no later 
than a month after collection. These biological samples were treated as potential 
‘biohazards’ and suitable precautions were taken in handling, storage and preparation. 
Sample preparation was conducted in a laboratory in the National University Hospital, 
and subsequently final extracts were transferred to the Division of Environmental 
Science & Engineering, National University of Singapore, for GC-MS analysis. 
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Participants were given questionnaires detailing their obstetric data, occupation, 
lifestyle variables (i.e. dietary habit, smoking and alcohol consumption), and the 
characteristics of newborns. Obstetric data collected were maternal ethnic group, 
height, weight, reproductive and nursing history, as well as the occurrence of 
antenatal complications such as preeclampsia, antepartum haemorrhage and severe 
anemia. The body mass index (BMI; kg m-2) was calculated from the mother’s height, 
pre-pregnancy weight, and weight at the time of delivery. Neonatal details included 
gestational age, birth weight, gender, Apgar scores, presence of congenital anomalies, 
and any neonatal complications.  
 
Ingestion of amniotic fluid could be another exposure pathway for fetuses to 
xenobiotics. However, amniotic fluid only contains trace amount of lipids, and the 
accurate quantification of POPs requires large volume of sample. The difficulties in 
obtaining sufficient volume for determination of POPs led to its exclusion in this 
study. 
 
3.3 Chemical Analysis 
3.3.1 Materials  
All chemicals and reagents used for POPs analysis were of high purity, unless 
otherwise stated. In particular, solvents were of pesticide grade, i.e. confirmed to be 
pesticide-free by various suppliers (Tedia, Fairfield, OH, USA; Fluka, Switzerland). 
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Biobeads SX-3 was obtained from the Bio-Rad Laboratories (CA, USA). Sodium 
sulfate (anhydrous, granular) and silica gel (70-230 mesh) from the Sigma-Aldrich (St. 
Louis, MO, USA) and the Fisher Scientific (Hampton, NH, USA) which was baked at 
450 ºC for 12 h prior to use. High purity nitrogen and helium gas (>99.9995%) were 
purchased from Soxhal (Singapore). 13Carbon-labeled standards were purchased from 
the Cambridge Isotope Laboratories (Andover, MA, USA). Native PCB OCP and 
PBDE standards were obtained from the Accustandard (New Haven, CT, USA). 
Water was deionized and purified using a Milli-Q cartridge system (Millipore, MA, 
USA).  
 
All containers and tools used during sample treatment were made of glass or stainless 
steel to minimize the contact of sample to plastic so as to avoid adsorptive losses of 
analytes.  Glassware was baked at 450°C overnight and washed with acetone, hexane 
and DCM before use.  
 
3.3.2 Extraction 
Method for the analysis of POPs in adipose tissue followed that developed and 
validated by Li et al. (2005c; 2006a): adipose tissue (approximately 0.5 g) was spiked 
with surrogate substances (13carbon-labeled PCB 28, 52, 101, 138, 153, 180, 209, 
unlabeled PBDE 77, 116 and 126) and then homogenized at 6000rpm in an Ultra-
turrax homogenizer (Ika, Janke and Kunkel, Germany). The microwave vessels 
containing samples were tightened with occasional shaking allowing equilibration for 
1 to 2 hour. Extraction was performed using 25 ml n-hexane: DCM (1: 1, v: v) in the 
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presence of 3 g sodium sulfate in the MAE machine (Mars X, CEM, Matthews, NC, 
USA). The oven temperature was programmed as increasing from room temperature 
to 115 ºC over a 10-min period which was maintained for 15 min (Bayen et al., 
2003b). An aliquot (2 ml) of extract was taken for lipid determination after extraction.  
 
A similar extraction method using MAE was performed on placental tissues. 10 g of 
sample was used due to the comparably lower lipid content in placenta tissue. Besides, 
high water content of placental tissue required an extra dewatering procedure after 
MAE: the original extracts were centrifuged and the organic layer containing the 
target compounds was taken out. The aqueous portion was re-extracted twice using n-
hexane to avoid residual. All organic parts were combined for further lipid 
determination and cleanup procedures. 
 
Water content in tissue samples (i.e. adipose and placental tissue) was not determined 
because an extra drying step may increase the chance of contamination and loss of 
analytes. In addition, freeze-dried biotic samples were found to have reduced 
recoveries of some compounds, probably due to tighter binding and occlusion of 
residues in the dried material (Muir and Sverko, 2006).   
 
Serum extraction procedures followed the method developed by Hovander et al. 
(2000). Serum samples (5 g) spiked with recovery standards was first denatured in 
hydrochloric acid (1 ml, 6 M) and iso-propanol  (6 ml), and then extracted with n-
hexane: MTBE (3 ml, 1: 1, v: v). Samples were vortexed after each addition to 
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enhance the mixing and reaction. Samples were then centrifuged for 10 min, and the 
organic layer was transferred to a new vial and the remaining portion was re-extracted 
with the solvent mixture at least two more times using a volume of 3 ml. The organic 
fractions were combined for further treatment. Serum instead of whole blood was 
chosen, as the analysis of whole blood samples usually requires tedious procedures to 
remove interferences due to the presence of large amount of red cells (Hernandez et 
al., 2002). Moreover, serum is preferred because of its good homogeneity and better 
stability in frozen state compared with whole blood (Gill et al., 1996).  
 
The milk extraction procedure was more straightforward owing to the relatively 
simpler composition. A boiling method developed by Kalntzi et al. (2004) was 
adopted in this study. Briefly, milk fat (approximately 0.5 g), separated from the 
aqueous phase, was spiked with recovery standards and boiled for 10 minutes with n-
hexane (50 mL) in the presence of 5 g anhydrous sodium sulfate. An aliquot (2 ml) of 
extract was taken for lipid determination, and the remaining portion was taken for 
further treatment. 
 
3.3.3 Lipid determination 
The lipid content in samples was determined gravimetrically on an aliquot or whole 
extract, depending on the sample size and total lipid content. Extracts of large volume 
were first condensed using a rotary evaporator (Heidoph, Germany) and then 
transferred to tared 10 mL test tubes. Tubes were placed in an aluminum test-tube 
block holder on a hotplate (Chiltern Scienctific, NZ, USA) maintained at 40 ºC and 
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under a gentle stream of nitrogen gas until constant weight. Lipid content was 
calculated using the formula:  
Lipid content% = weight after dried (g)/ original sample weight (g) ×100%.  
 
3.3.4 Cleanup  
Lipid and other impurities in the extracts of adipose tissue were removed on a 20g 
acidified silica gel chromatography column (silica gel: H2SO4 (98%); (2: 1, w: w), 25 
cm length, 15 mm internal diameter, Fischer & Porter Co., USA) eluted with 100 mL 
of n-hexane and subsequently with 50 mL of n-hexane: DCM (2: 3, v: v). The two 
fractions of eluent were combined together for further condensation processes. This 
type of chromatography makes use of the adsorption properties of molecules to 
separate the analytes from matrix interferences, and the strong oxidation of sulphuric 
acid. Samples are then concentrated to 0.5 mL using a rotary evaporator.  
 
Cleanup of placenta was similar to that of adipose tissue. However, due to the 
complexity of the matrix, further gel permeation chromatography (GPC) was 
necessary for complete removal of the interferences. The GPC column was self-
packed using 6 g of Biobeads SX-3 (Bio-Rad Laboratories, CA, USA) per column 
(internal diameter, 2cm) and eluted with n-hexane: DCM (1: 1, v: v). The first 15.5 
mL of the GPC elute was discarded and the following 30 mL containing the target 
compounds was collected and concentrated to 0.5 mL using rotary evaporation. The 
elution profile of POPs was tested on every self-packed GPC column. An example of 
elution profile is shown in Figure 3-1.  
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Figure 3-1. Elution profile for PBDEs and major OCPs in self-packed GPC 
(Bayen, 2004). 
 
Blood extracts were first subject to concentrated sulphuric acid cleanup: after 
gravimetric lipid determination, the lipids were dissolved in n-hexane (3 ml), 
followed by adding H2SO4 (2 ml) to the extract. Tubes were inverted for a few 
minutes and then centrifuged at 3000 rmp for 5 min to achieve good separation, and 
the acid phase was then removed and transferred to a new vial. This treatment was 
repeated, and the acid waste was washed with a small volume of hexane (2 ml) to 
recover any carry-over, and then the organic fractions were combined. Concentrated 
sulphuric acid can effectively degrade most of the matrix interferences, and the 
compounds of concern in this study are mostly unaffected by the procedure. GPC 
cleanup was further performed on the extracts to completely remove the interferential 
impurities. 
Chapter 3: General Materials and Methods 
 43
  
Removal of lipid in milk involved the acidified silica gel cleanup and GPC separation 
which have been described above in detail. 
 
All final extracts were concentrated under a gentle flow of purified nitrogen to 25 μL 
in dodecane containing the standard substances (13carbon-labeled PCB 32, 141, 208). 
 
3.3.5 Analysis by gas chromatography coupled with mass spectrometry 
Quantification of POPs was achieved using a Shimadzu QP-2010 (Shimadzu Asia-
Pacific, Singapore) gas chromatograph coupled with a mass spectrometer (GC-MS). 
Compounds were separated on a DB-5ms (J&W Scientific, Norwalk, CT, USA) 
capillary column (30 m length, 0.25 mm internal diameter) with a gas flow of helium 
at 1.0 mL min-1. Different GC oven programs were applied during the course of the 
experiments: 
• Program 1 (PBDEs): 170°C held for 11 min, 10°C min -1 to 300°C held for 16 
min 
• Program 2 (OCPs and PCBs): 170°C held for 11 min, 3°C min -1 to 250°C held, 
10°C min -1 to 300°C held for 10 min. 
 
The detector was operated in EI or NCI mode with selected ion monitoring (SIM). 
Fragment masses and retention time for each contaminant are presented in Appendix 
B. A 2 μL extract was injected into the GC-MS for each sample using a splitless 
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injection. The injection port, ion source, and interface temperature were set as 250, 
200 and 300 °C for EI, and 280, 200, 300°C for NCI. Analyte quantification was 
performed using a five-point linear calibration (r>0.999) with diluted standards. As 
some PCB congeners (i.e. 28 & 31, 138 & 158, 153 & 132) co-eluted in the DB-5 ms 
column, the concentrations were calculated based on integration of the two specific 
peaks.  
 
3.4 Quality Assurance/ Quality Control 
3.4.1 Method validation 
Analytical methods applied in this study were based on the validated methods 
published in international refereed journals and have been proven to be of sufficient 
reliability. Performance of those methods were re-confirmed before being applied to 
real samples by matrix spiking, where samples were spiked with analytes at different 
concentrations (at least in triplicate for each level) and recoveries of the compounds 
were determined. Recoveries of all analytes should be sufficiently high (>70%, 
preferably >90%), and RSDs of the concentrations obtained at each spiking level 
should be lower than 30%, otherwise the methods were modified or abandoned. 
Comparison of extraction results of different methods, e.g., SE and MAE, was 
another approach (Li et al., 2005c). Although they have comparably good 
performance on extracting the analytes from adipose and placental tissue, MAE was 
shown to be superior to SE for its reduced extraction time. 
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3.4.2 QA/QC during sample preparation 
Recovery standards were spiked into every sample before extraction to determine any 
loss of analytes during the whole analytical procedure. Samples were re-analyzed if 
the recoveries of surrogates were not satisfactory i.e. falling outside a range of 70% to 
130% according to the guideline of the US Environmental Protection Agency Method 
1668a (EPA, 1999). The concentrations obtained in this study were not recovery-
corrected. Samples were analyzed in duplicate to guarantee precision. In some cases, 
batches of samples were analyzed 3 to 5 times in order to assess the homogeneity of 
sample analysis. RSDs should be below 30% for all compounds measured. One 
procedural blank was run with every batch to assess potential sample contamination. 
For tissue samples, blanks were represented by anhydrous sodium sulphate, and DI 
water representing blood samples. The procedural blanks were also spiked with the 
recovery standards. The average blank level was subtracted from the sample level. 
LOD was calculated by extrapolating the concentration that would result in a S/N of 
3. LOD varied between batches and between compounds, depending on the 
instrument sensitivity, and generally it was at a ppb level. 
 
3.4.3 Quality assurance for GC-MS analysis 
Syringe standards were used for POP quantification and were prepared in dodecane 
for the final extracts. Three quality control criteria were used to ensure the correct 
identification of the target compounds: a) The GC retention times of analytes 
matched those of the standard compounds with a difference of no more than 0.1 min; 
b) for each analyte, a minimum of two ions were monitored by GC-MS (See 
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Appendix B). The ratio of peaks of primary to secondary ion was within ±15% of the 
theoretical value; c) S/N was> 3. 
 
3.5 Statistics Analysis 
3.5.1 Descriptive statistics 
Descriptive statistics were performed using the computer program XLSTAT 2007 
(Addinsoft, Brooklyn, NY, USA). As the distributions of concentrations were largely 
skewed from normal distribution, median instead of mean levels were preferred for 
presenting and comparisons, and non-parametric hypothesis tests (e.g. the Mann-
Whitney U test) were applied to compare two sets of data at a significance level of 
0.05 (i.e. a-value = 0.05). In addition, the Spearman’s rank correlation test was 
utilized to determine the relationship between parameters. A strong correlation was 
deemed to exist if the absolute value of the correlation coefficient was larger than 0.5, 
and the hypothesis tests produced a value of “significance level” smaller than 0.05 (a-
value< 0.05). In hypothesis testing, the significance level is a fixed probability of 
wrongly rejecting the null hypothesis H0, if it is in fact true.  
 
3.5.2 Multivariate data analysis 
Instead of the ordinary least-squares regression (OLSR), more advanced multivariate 
data analysis (MVA) techniques, including principal component analysis (PCA), 
partial least-squares regression (PLSR), and partial least-squares discriminant analysis 
(PLS-DA) were applied, e.g. to elucidate the relationship between the concentrations 
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of POPs in adipose tissues and donors’ characteristics, and the difference between 
two classified groups, as presented in Chapter 4, using software SIMCA-P demo 
(Umetrics AB, Sweden) and XLSTAT-PLS (Addinsoft, Brooklyn, NY, USA).  
 
The development and the algorithm of PCA, PLSR, PLS-DA have been explained in 
detail in many references (Martens and Martens, 2000; Wold et al., 2001). PCA is a 
technique for finding orthogonal linear transformations that transform an original set 
of correlated variables to a new set of uncorrelated variables, called principal 
components. The components are obtained in order of decreasing importance, the aim 
being to reduce the dimension of the data. PLSR is also based on orthogonal linear 
transformation, but it finds components from X that are relevant for the dependent 
variable, Y. Specifically, PLSR searches for a set of components (called latent vectors) 
that performs a simultaneous decomposition of X and Y with the constraint that these 
components explain as much as possible of the covariance between X and Y. Finally, 
a linear equation can be obtained in the form of: 
Y = a + b1*X1 + b2*X2 + ... + bp*Xp, 
where the regression coefficients (or B coefficients, b1, b2, …, bp) represent the 
contributions of each independent variable (X) to the prediction of the dependent 
variable (Y). 
 
Goodness of fit is indicated by the coefficient of determination R2, and furthermore, 
to avoid the problem of over-fitting, Q2 is derived via cross validation (‘leave-1/7th-
out’ cross validation as default in SIMCA-P), indicating how well the Y variable can 
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be predicted. Cross validation is performed as follows: some samples (the validation 
set) are randomly selected and kept out of the model development; and the remaining 
samples (the training set) are used to derive models. X variables of the validation set 
are then incorporated into the models to generate the predicted Y value which is 
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Q2 is of more importance, as it represents the predictive ability of a model when 
applied to other randomly collected samples outside of the training set. Generally, a 
model with R2>0.7 and Q2>0.4 is considered as a good model with biological data 
(Lundstedt et al., 1998).  
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To avoid large bias, only the compounds/congeners detected in more than 80% of 
samples were considered for modeling. The levels of POPs in individual samples 
treated values below LOD as being half of LOD. Concentrations of POPs were first 
log-transformed to meet the requirement of normality, and the data were then 
centered and scaled to unit variance before performing analyses. In PLSR, the 
contribution of X variables on Y was evaluated using the variable importance in the 
projection (VIP) value. The VIP is calculated by summing all model dimensions of 
the contributions variable influence (VIN) (Umetrics AB, 2005). The variables with a 
VIP larger than 1 were considered as the most relevant for explaining Y, and those 
with a VIP smaller than 0.5 were insignificant and eliminated in model construction. 
This procedure was repeated until only the variables with a VIP above 0.5 were kept 
in the model. Outliers with an absolute standardized residual lying above 2 were 
carefully examined in every model. Those that did not jeopardize the model were 
accepted.
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CHAPTER 4 MULTIVARIATE DATA ANALYSES OF 
PERSISTENT ORGANIC POLLUTANTS IN 
MATERNAL ADIPOSE TISSUE IN SINGAPORE  
 
4.1 Introduction 
The occurrence of POPs such as OCPs, PCBs, and PBDEs in various environmental 
media and human tissues has been extensively reported (Kutz et al., 1991a; Johnson-
Restrepo et al., 2005). POPs are of particular interest because of their ability to 
bioaccumulate and biomagnify in food chains, and enter the human body (Kutz et al., 
1991a). Long-term exposure to POPs can induce a variety of adverse effects on 
human health (WHO, 1993, 2005), and experimental and clinical data have shown 
that POPs stored in maternal body tissues can be transferred to the unborn fetus 
across the placenta, resulting in lower birth weights, decreased body size, a reduction 
in intelligence and abnormal behavior in newborn infants (Taylor et al., 1989; Guo et 
al., 1995b; Patandin et al., 1998; Vartiainen et al., 1998; Ribas-Fito et al., 2001). 
Therefore, the identification of factors that link to the accumulation of POPs in 
pregnant woman and potential impacts on fetuses and newborn infants is of great 
importance. Such data can assist in source identification of POPs, and provide useful 
information on POP control policy and epidemiological research. 
 
Maternal variables such as age, gender, dietary pattern and occupation have been 
investigated to identify the most influential factors on accumulation of POPs in 
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adipose tissues (Costabeber and Emanuelli, 2003; Wolff et al., 2005; Vaclavik et al., 
2006). However, the methods applied in such studies were restricted to bivariate 
linear correlations tests, such as correlation test (i.e. the effect of a single factor on the 
concentration of POPs), or OLSR (i.e., regression of all factors on POP concentration, 
and identification of factors with high and statistically significant regression 
coefficients). These analytical methods are based on the assumption that the X 
variables are independent on each other. However, in the case of a large number of 
variables, the problem of multicollinearity may exist. For example, when 
investigating the effects of age and parity on levels of POPs in adipose tissue using 
the Spearman’s rank correlation tests or OLSR, coefficients can turn out to be both 
positive and statistically significant. This may lead to the conclusion that increasing 
age and number of children would result in high levels of POPs. However, it is also 
very likely that average age is positively related to parity, meaning the women with 
more babies tend to be older. Therefore, the models are subject to misinterpretation 
and conclusions can be misleading. PCA and PLSR are the two MVA techniques 
dealing with strongly collinear, noisy, and numerous X variables. In PCA and PLSR, 
the original set of correlated variables are first transformed to a set of orthogonal 
(uncorrelated) variables, known as ‘principal components’ (PCs) and ‘latent 
variables’ (LVs), respectively. Unlike PCA, in PLSR the regressors (X variables) are 
selected in such a way so as to provide maximum covariance with the dependent 
variable (Y) (Kramer, 1998; Martens and Martens, 2000; Wold et al., 2001). This 
means that LVs which explain most of the variances in concentration of POPs are 
used to construct the model. Therefore, the PLSR approach tends to lead to stable and 
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accurate models. PLSR, together with partial least-squares discriminant analysis 
(PLS-DA) have been widely applied in many fields, such as QSARs (quantitative 
structure-activity relationships) and QSPRs (quantitative structure-property 
relationships) in toxicity prediction (van der Burght et al., 1999; Van der Burght et al., 
2000; Harju et al., 2002; Schultz et al., 2003; Zhao et al., 2005), spectroscopy 
calibration in pharmaceutical technologies (Roggo et al., 2007), and many animal 
studies where the correlations of biological and/or environmental variables and 
animals’ contaminant patterns were investigated (Sonesten, 2001; Lundstedt-Enkel et 
al., 2005a; Lundstedt-Enkel et al., 2005b; Lundstedt-Enkel et al., 2006; Pettersson et 
al., 2006). Application of these MVA techniques can also be found in other literature 
(Luotamo et al., 1988; Eide et al., 2002; Jacobs, 2004; Kettaneh et al., 2005).  
 
Previously, a method based on MAE and GC-MS detection has been successfully 
developed to quantify the residual levels of POPs, namely OCPs, PCBs, PBDEs, in 
human adipose tissue in Singapore (Li et al., 2005c; Li et al., 2006a). In the present 
study, the sample size was increased to investigate the levels of these contaminants in 
the maternal adipose tissue, more important, MVA methods including PCA, PLSR 
and PLS-DA were applied to develop mathematical models analyzing the relationship 
between the level of POPs and donor demographic characteristics, lifestyle factors 
and measurements of infants at birth. Factors with the greatest level of influence were 
identified as predictors of POPs levels in adipose tissue. The goodness-of-fit and the 
capability of prediction of the models were then evaluated. With a well developed 
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model, it might be possible to quantitatively predict the level of POPs in maternal 
adipose tissue based on other, more easily measured, variables alone. 
 
Experimental data presented in this chapter has been published in Environmental 
Science and Technology (Tan et al., 2008). 
 
4.2 Results and Discussion 
4.2.1 Variables from questionnaires 
Of the 88 adipose tissues samples collected and analyzed, a total of 83 were 
accompanied with completed questionnaires (the details are present in Table 4-1). 
Donors were aged between 18 and 40, with an average age of 31. The mean BMI 
before pregnancy was 23.6, and most of the donors were having their second baby 
(54.2%) followed by primiparas (26.5%). Fish was most consumed among all kinds 
of meat listed (mean 183 grams per week), and only 4 donors were vegetarian who 
were all Indian. The donors were divided into four ethnic groups, and the distribution 
was 39.8% Chinese, 20.5% Indian, 32.5% Malay and 7.22% others. As only one 
donor consumed both alcohol and tobacco and another just alcohol, then these two 
variables were excluded in regression analysis. The physical condition of newborn 
infants was evaluated using the Apgar score (based on the Activity, Pulse, Grimace, 
Appearance, and Respiration of the baby at birth) which ranges from 0 to 10, where 
the average was 8.47 and 8.95 at 1 min and 5 min respectively. No cases of congenital 
abnormality or complications were reported. The donors’ occupation was classified 
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into housewife or career woman (without further sub-categorization) to simplify the 
factor analysis. The same treatment was applied for any antenatal complication cases, 
where only 1 (representing ‘yes’) and 0 (representing ‘no’) were used for regression 
analysis.  
 
Table 4-1. General characteristics of donors and their infants (n=83). 
 
Maternal variables Mean SD Median 
Age (yr) 31 5.38 31 
Height of mother(m) 1.58 0.06 1.57 
Pre-pregnant weight (kg) 59 13.1 55 
Pre-delivery weight (kg) 72.6 14.7 69.8 
Pre-pregnant BMI (kg m-2) 23.6 4.93 22.8 
Pre-delivery BMI (kg m-2) 29.1 5.17 27.9 
Fish (g week-1) 183 106 200 
Seafood a (g week-1) 66.9 61.1 50 
Red meat (g week-1) 117 88.5 100 
Poultry (g week-1) 172 93.1 150 
Food consumption 
Milk (l week-1) 1.26 0.94 1.4 
 Category Frequency Percentage (%) 
Parity 0 22 26.5 
 1 45 54.2 
 2 11 13.3 
 3 4 4.82 
 4 1 1.2 
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Vegetarian No 79 95.2 
 Yes 4 4.82 
Occupation Housewife 25 30.1 
 Career woman  58 69.9 
Ethnicity Chinese 33 39.8 
 Indian 17 20.5 
 Malay 27 32.5 
 Others 6 7.22 
Antenatal complication No  61 73.5 
 Yes 22 26.5 
Preeclampsia No 77 92.8 
 Yes 6 7.23 
Antepartum haemorrhage No 81 97.6 
 Yes 2 2.41 
Previous breast-feeding (n=63) b No 4 6.56 
 Yes 57 93.4 
Neonatal variables Mean SD Median 
Gestational age (day) 269 7.2 268 
Baby head circumference (cm) 33.9 1.38 34 
Birth weight(g) 3160 459 3170 
Baby length(cm) 49 2.2 49 
Ponderal index (g1/3 cm -1 *100) c 29.9 1.15 29.8 
Apgar score at 1 min 8.47 1.14 9 
Apgar score at 5 min  8.95 0.27 9 
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 Category Frequency Percentage (%) 
Baby gender Male  55 66.3 
  Female 28 33.7 
a: excluding fish 
b: excluding primiparas 
c: Ponderal Index = (birth weight (g))1/3 * (baby length (cm))-1*100 
4.2.2 Concentrations of POPs 
Levels of the most abundant and frequently detected OCPs, PCB and PBDE 
congeners in adipose tissues are shown in Table 4-2. Recovery standards were 
satisfactorily recovered within a range of 77% to 105%, and the concentrations were 
not corrected for recovery efficiency. Duplicate analysis was conducted for every 
sample to assess the precision of the method. RSDs were below 27% (i.e. from 0.3% 
to 27%) for all compounds measured. One procedural blank was run with every batch 
of 6 samples to assess potential sample contamination. LOD varied from 0.07 to 1.6 
ng mL-1 on column. The sum of OCPs varied in adipose tissues, ranging from a 
minimum of 22.6 to 4850 ng g-1 lipid, with p,p’-DDE -- the metabolite of p,p’-DDT 
most abundant (ranging from 0 to 4020 ng g-1 lipid; median 336 ng g-1 lipid). This 
p,p’-DDE concentration is comparable to the levels detected in the recent studies 
conducted in Denmark (median 505 ng g-1 lipid) (Vaclavik et al., 2006) and Southern 
Spain (median 392.31 ng g-1 lipid) (Cerrillo et al., 2006), which suggests similar 
human exposure to this banned OCP in Singapore and European countries. The sum 
of 41 PCB congeners was in the range of 1.8 to 655 ng g-1 lipid, with a median of 
45.4 ng g-1 which is one order of magnitude lower than that of OCPs. As a few pairs 
of chromatographic peaks could not be separated sufficiently, the concentrations of 
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these peaks were presented as the sum of two congeners, such as PCB 28 & 31 and 
PCB 132 & 153. Concentrations of the sum of 7 BDE congeners (i.e. PBDE 28, 47, 
99, 100, 153, 154 and 183) in the samples varied from 0.19 to 182 ng g-1 lipid, with a 
median value of 4.93 ng g-1 lipid which is the lowest among three POP groups in this 
study. PBDE 47 was the major congener (median 1.84 ng g-1 lipid) followed by 
PBDE 153 (1.39 ng g-1 lipid), and PBDE 99 (0.47 ng g-1 lipid). The lowest median 
level was found for PBDE 154 (0.06 ng g-1 lipid), and PBDE 153 was the most 
commonly detected and was found in all samples. The concentrations and profile of 
PBDEs congeners are very similar to the values reported from Spain (median level of 
sum of these seven congeners 2.83 ng g-1 lipid) where 20 maternal adipose tissues 
collected in 2003 were investigated (Fernandez et al., 2007). 
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Table 4-2. Residues of OCPs and predominant PCB and PBDE congeners in 
adipose tissues (ng g-1 lipid weight)a. 
 
N=88 Min Max Median Mean SD 
Frequency of  
detection (%) 
β-HCH <LODb 1660 50.8 184 361 92 
γ-HCH <LOD 63 <LOD 3.97 10.4 31.8 
trans-Chlordane <LOD 3.39 <LOD 0.17 0.49 39.8 
cis-chlordane <LOD 1.86 0.14 0.22 0.36 58 
p,p'-DDE <LOD 4020 366 581 669 98.9 
p,p'-DDD <LOD 24.4 4.03 5.89 5.6 97.7 
p,p'-DDT <LOD 628 23.7 54.3 90.8 98.9 
PCB28 & 31 <LOD 9.18 0.43 0.66 1.13 89.8 
PCB74 <LOD 6.96 1.08 1.51 1.6 90.9 
PCB99 <LOD 12.7 1.57 2.14 2.08 97.7 
PCB118 <LOD 24.3 3.04 4.16 4.18 98.9 
PCB132 & 153 <LOD 161 11 15.4 20.2 98.9 
PCB138 & 158 <LOD 89.1 7.1 10.3 12.4 97.7 
PCB187 <LOD 49.9 2.43 4.03 6.3 93.2 
PCB183 <LOD 15.2 1.07 1.45 1.96 89.8 
PCB180 <LOD 105 6.05 9.87 14.3 96.6 
PBDE 28 0.01 2.92 0.15 0.3 0.45 100 
PBDE 47 <LOD 99.9 1.83 4.4 11.2 97.7 
PBDE 100 <LOD 25.4 0.47 1.15 3.03 98.9 
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PBDE 99 <LOD 32 0.47 1.25 3.61 90.9 
PBDE 154 <LOD 2.78 0.06 0.16 0.34 86.4 
PBDE 153 0.06 22.4 1.39 2.38 3.34 100 
PBDE 183 <LOD 2.66 0.23 0.36 0.42 93.2 
∑OCPs 22.6 4850 546 844 901 100 
∑PCBs 1.8 655 45.4 67.8 86.5 100 
∑PBDEs 0.19 182 4.93 10 20.8 100 
a: Min, minimum; Max, maximum; SD, standard deviation; n>LOD, number of 
sample above the limit of detection. 
b: below detection limit 
 
4.2.3 Multivariate data analysis 
PCA on the whole dataset: PCA performed on the whole dataset (variables from 
questionnaires and concentrations of POPs) gave a four-component model with R2= 
0.469 and Q2=0.264. Scores and loadings of the first two components accounting for 
30.1% of the variation are plotted in Figure 4-1. Figure 4-1(a) shows how initial 
variables were projected in the factors. The closeness of variables on the plot 
indicated the dissimilarities/similarities between variables. Visually, variables are 
likely to be clustered in four main separate groups (circled), including variables from 
questionnaires (at the center), PBDEs (on the top), most of PCB congeners (right 
side), and pesticides and some lower-chlorinated PCBs (bottom right side). The 
grouping phenomenon of these contaminants would be explained by their similarities 
in terms of physicochemical properties, exposure routes, bioaccumulation and 
metabolism in human body (Lundstedt-Enkel et al., 2005a). Figure 4-1(b) provides a 
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view of samples being plotted on first two components. One outlier in the first 
component, but not the second is observed, i.e. sample number 4 in upper left corner 
falling outside of the Hostellings T2 ellipse (0.05). As the first component was 
dominated by the concentrations of PCB congeners and OCPs, this sample out of 
range is mainly because the concentrations of most PCBs and OCPs in this sample 
were below respective analytical detection limits. However, no outstanding 
characteristics can explain why this woman was exempted from contamination of 
these chemicals. 
 
Figure 4-1. Principal component analysis (PCA) on the entire dataset. (a) 




























































-0.5 -0.25 0 0.25 0.5 0.75 1



















Chapter 4: Multivariate Data Analyses of Persistent Organic Pollutants 












































































-12 -10 -8 -6 -4 -2 0 2 4 6 8



















a: for abbreviations: A1: Apgar score at 1 min; A5: Apgar score at 5 min; AC: 
antenatal complication; AH: antepartum haemorrhage; BG: baby gender; BHC: baby 
head circumference; BW: birth weight of infant; CH: Chinese; FIS: amount of fish 
consumed by mother; GES: gestational age; HEI: height of mother; IN: Indian; LEN: 
length of infant; MA: Malay; MIL: amount of milk consumed by mother; OCC: 
occupation of mother; PAR: parity; PB: previous breast-feeding; PE: preeclampsia; 
PI: ponderal index; POB: post-pregnancy BMI; POU: amount of poultry consumed 
by mother; POW: post-pregnancy weight; PRB: pre-pregnancy BMI; PRW: pre-
pregnancy weight; RM: amount of red meat consumed by mother; SEA: amount of 
seafood.  
 
PLSR on factor identification: A total of 27 explanatory variables pertinent to 
mothers and their infants were regressed on the levels of contaminants using PLSR. 
Only the models of β-HCH, PCB 132 & 153 combined, PBDE 153 and PBDE 183 
had relatively higher Q2 values, meaning the concentration of these compounds could 
be predictive from those factors; therefore only these four models were evaluated 
further. Models for other compounds were either no significant or only explained very 
little variation. Even though POPs from the same cluster in PCA have similar 
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characteristics which may result in similar predictors and models, the explanatory 
power of X variables for different compounds varies a lot. For example, the 
concentration of β-HCH could be well explained, but the levels of p,p’-DDE which 
was strongly correlated with that of β-HCH was totally unpredictable by these X’s. A 
similar phenomenon was observed for PCB congeners. This is probably due to 
missing some factors that control the accumulation of those compounds in adipose 
tissue. The details of the four models are presented in Table 4-3, including R2 values, 
Q2 values, and variables in the model and their corresponding regression coefficients. 
The most influential factors (i.e. VIP larger than 1) are in bold. Scatter plots (Table 4-
2) provide a better view of how the observed being predicted by the models. The 
models generated by PLSR in this study were not satisfactory and had only limited 
predictivity – the highest Q2 was 0.463 (PBDE 153), meaning the variation in the 
concentrations of the compound measured in adipose tissue can be predicted with a 
certainty of only 46.3% by the model. This is expected as there are many factors that 
affect POP accumulation, and the metabolism of POPs in the human body is complex. 
However, from these models, we can identify the significant factors linked to the 
prevailing levels of POPs in maternal adipose tissues in Singapore, and compare the 
similarities/dissimilarities. 
 
Predictors are compound dependent. This is expected as the four compounds are from 
three different clusters in the PCA loading plot (Figure 4-1(a)) with different 
characteristics. The influence of diet on measured POP levels in adipose tissue was 
dependent on the type of POP. Regression coefficients in the brackets in Table 4-3 
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indicate the correlations between variables and the concentrations of the compounds. 
Therefore, the negative value found for ‘Seafood’ in the models suggests seafood 
consumption (excluding fish) was negatively correlated with the level of β-HCH, but 
positively with PCBs and PBDEs. A similar discrepancy was found for fish and 
poultry consumption. The observations for β-HCH are somewhat contradictory to the 
speculation that food, especially of animal origin, dominates human exposure to 
POPs (Kutz et al., 1991a). Possible reasons for this may include: the type of the food 
consumed was not sufficiently classified, for example, whether fish was from fresh or 
sea water derived and its fat content; the dietary information collected from 
questionnaires did not adequately reflect the participants’ actual daily intake of POPs; 
and the main route of β-HCH to the human body in Singapore is via consumption of 
vegetable products rather than animal origin. The last reason is supported by the 
vegetarian factor, where vegetarians (4 cases) had a higher level of β-HCH, but lower 
concentrations of PCB 132 & 153 and PBDEs in their adipose tissue. This positive 
relation observed for β-HCH with vegetable intake also suggests there are recent 
applications or contaminations of β-HCH in farm products consumed in Singapore. 
However, due to small number of vegetarians and because all vegetarians were Indian, 
further investigation is needed to prove this inference. Overall, food consumption 
played the most important role in predicting the level of POPs in maternal adipose 
tissue among all the influential factors documented. 
 
An age-dependent accumulation of POPs was found for β-HCH and PCB congeners, 
which confirms the results of earlier studies (Covaci et al., 2002b; De Saeger et al., 
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2005). However, PBDE is reported for the first time to be correlated with the age of 
women, although the effect of age on increasing levels of PBDE 153 is not as strong 
as that for OCs. Encouragingly, it is noted that concentrations of PBDEs in adipose 
tissue decreased over the sampling period (2004 to 2006), especially for the highly 
brominated congener, PBDE 183. This decline can most likely be attributed to 
legislation banning the production and use of penta- and octa- BDE mixtures in some 
European countries, and a few states in the U.S., following concern over potential 
toxicological effects on humans (NRDC, 2005). As a response to more onerous 
regulations, many electrical and electronic equipment and furniture manufacturing 
companies across the world have now ceased in the use of penta- and octa- PBDEs in 
their products. Singapore, which mainly relies on imports, as a consequence, now has 
lower levels of these compounds in the products. However, no such change was 
observed in levels of OCPs and PCBs.  
 
Breast-feeding resulted in a lower concentration of PCB 132 & 153 in maternal tissue, 
which has also been noted elsewhere (Vaclavik et al., 2006). Similarly, an increase of 
parity (i.e. number of children the mother has already given birth to) resulted in a 
decreased level of PBDE 153 in adipose tissue samples. This is most likely to be a 
consequence of release of POPs from adipose tissue, as induced by lactation and 
gestation (Waliszewski et al., 2001; Schecter et al., 2007). However, it was surprising 
to find a positive relationship between the parity and concentration of PBDE 183, 
which suggests that POP depletion from adipose tissue via breast-feeding and 
placental transfer may not occur for this high molecular weight congener. 
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Indian women were more heavily contaminated with β-HCH, but less so with PCB 
and PBDE congeners than other ethnic groups, while Chinese women had generally 
higher levels of PBDEs, and Malays were characterized with a lower β-HCH and 
PBDE 153. These differences among ethnic groups could be due to their different 
dietary habits (e.g. Indian are more vegetarians) but further investigations are needed. 
The donors with antenatal complications (22 out of 83 cases) had lower PBDEs levels, 
but higher levels of PCB 132 & 153. From the questionnaire results it is apparent that 
most of these women (18 cases) were suffering from gestational diabetes mellitus 
(GDM). Elevated PCBs in GDM patients were also observed in the studies by Codru 
et al. (2007), Rylander et al. (2005), Longnecker et al. (2001), Vasiliu et al. (2006). 
GDM causes irregular lipid metabolism, which could account for this phenomenon 
(Enquobahrie et al., 2005). Positive correlations were found between elevated PCB 
132 & 153 levels and cases of pre-eclampsia and antepartum haemorrhage in 
expectant mothers. As there were only a small number of these cases (6 and 2 
respectively) overall, it cannot concluded as to whether the higher PCB levels 
measured were actually linked to the incidence of these conditions.  
 
It has been previously reported that a linkage exists between exposure to pesticides 
during the gestational period and adverse reproductive outcomes (de Cock et al., 
1994). In this study, although there are no reports of newborn congenital 
abnormalities or complications, the parameters of infants at delivery were correlated 
with levels of POPs in maternal adipose tissue. A relationship exists between β-HCH 
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levels and the Apgar score at 5 min as well as baby gender, where mothers with a 
higher content of β-HCH had a baby with better performance when born, and tended 
to have a boy. Nevertheless, donors who gave birth to girls had a higher concentration 
of PBDE 183 in their adipose tissue. These associations are not statistically 
significant and could be just accidentals, but it is known that the toxic effects induced 
by POPs are mostly observed after a long-term exposure period. As such, follow-up 
studies are required to investigate the adverse long term health effects on newborn 
infants. 
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Table 4-3. Details of PLSR models including R2, Q2 values, and the influential variables. 
 
Compound β-HCH PCB 132 & 153 PBDE 153 PBDE183 
No. of  
LV 
1 1 1 1 
R2 0.429 0.353 0.534 0.376 
Q2 0.306 0.258 0.463 0.305 
Intercept 1.43 1.81 0.28 -1.34 
SEAa (-0.149, (-0.25, -
0.048)) 
VEG (-0.182, (-0.33, -0.034)) TIM (-0.186, (-0.258, -
0.114)) 
TIM (-0.209, (-0.287, -
0.131)) 
INb (0.145, (0.089, 0.201)) FIS (0.171, (0.108, 0.234)) SEA (0.183, (0.079, 0.287)) VEG (-0.155, (-0.211, -
0.099)) 
AGE (0.129, (0.042, 0.216)) SEA (0.157, (0.091, 0.223)) VEG (-0.177, (-0.255, -
0.099)) 
SEA (0.125, (0.047, 0.203)) 
VEG (0.128, (0.082, 0.174)) PB (-0.13, (-0.206, -0.054)) POU (0.145, (0.09, 0.2)) PAR (0.108, (0.04, 0.176)) 
A5 (0.11, (-0.065, 0.285)) AH  (0.111, (-0.018, 0.24)) RM (0.124, (0.045, 0.203)) IN (-0.108, (-0.207, -0.009)) 
Variables 
(coefficient, CId) 
FIS (-0.103, (-0.172, -0.034)) HEI (0.1, (-0.064, 0.264)) IN (-0.115, (-0.131, -0.099)) BG (-0.097, (-0.198, 0.04)) 
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POU (-0.095, (-0.133, -
0.057)) 
IN (-0.097, (-0.182, -0.012)) FIS (0.101, (0.026, 0.176)) POU (0.095, (0.053, 0.137)) 
HEI (0.086, (0, 0.172)) OCC (-0.093, (-0.184, -
0.002)) 
AC (-0.1, (-0.172, -0.028)) FIS (0.088, (0.031, 0.145)) 
MA(-0.083, (-0.13, -0.036)) PE (0.092, (0.008, 0.176)) PAR (-0.099, (-0.21, 0.192)) BW (0.076, (0.02, 0.132)) 
POW (0.075, (0.032, 0.118)) GES (-0.091, (-0.201, 0.019)) CH (0.098, (0.023, 0.173)) CH (0.073, (0.016, 0.13)) 
TIM (0.07, (0.013, 0.127)) CH (0.09, (-0.032, 0.212)) MIL (0.079, (-0.032, 0.19)) AC (-0.073, (-0.161, 0.015)) 
BG c (0.07, (-0.014, 0.154)) AGE (0.088, (-0.036, 0.212)) AGE (0.07, (-0.023, 0.163)) OCC (0.059, (-0.058, 0.176)) 
RM (-0.069, (-0.124, -0.014)) A1 (-0.084, (-0.168, 0))   
GES (0.061, (-0.016, 0.138)) AC (0.079, (0.001, 0.157))   
PRW (0.056, (0.014, 0.098))  BW (0.075, (-0.026, 0.176))   
BHC (0.055, (0.002, 0.108)) PRW (0.066, (-0.026, 0.158))   
a: variables with VIP>1 are in bold. Significant variables are those with confident interval of coefficient (95%) not across zero. For 
abbreviations, please refer to the footnote in Figure 4-1. 
b: donors are classified into 3 categories according to their ethnicity: given 1, if the donor fails in this category; 0, otherwise. 
c: boys are denoted as 0, girls as 1. 
d: 95% confident interval. 
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Figure 4-2. Scatter plots of predicted and observed concentrations of β-HCH (a), PCB 132 & 153 (b), PBDE 153 (c) and PBDE 
183 (d) in adipose tissues (concentrations were log-transformed). 
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Effects of POPs on pregnant women and neonate gender by PLS-DA: The factors 
affecting the accumulation of certain POPs in donors’ tissue have been identified by 
PLSR, but it is unknown whether the presence of POPs results in some adverse 
effects on the expectant women and their baby. Therefore, taking antenatal 
complications for example, PLS-DA was used to discriminate the donors to pre-
established classes (i.e. with or without antenatal complications) based on the 
contaminants in their body (taking levels of contaminants as X variables). However, a 
model could not be constructed, which means participants with antennal 
complications did not have characteristics significantly different from those without 
complications. The same result was generated when the baby gender was investigated, 
suggesting the overall levels and patterns of POPs were not so discernible in mothers 
having boy and those having a girl.  
 
4.3 Conclusions  
POPs were detected in all adipose tissue samples investigated in this study, 
suggesting their great persistence. PLSR solved the problem of multicollinearity in 
data, and has been proved in this study as having efficacy in elucidating correlations 
between factors and POP concentrations in maternal adipose tissue. Food types 
consumed were found to be closely related the occurrence of POPs in maternal body. 
Particularly, fish and poultry consumption was the major route of PCBs and PBDEs 
in mothers in Singapore, while β-HCH was believed to be mainly from vegetables. 
An age-dependent accumulation of POPs was found for β-HCH and PCB congeners, 
and lactation and gestation could function as decontamination processes for PCBs in 
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adipose tissue. However, factors listed here were not sufficient to fully account for 
measured values, most likely due to the existence of other affecting factors such as 
the large inter-individual differences in metabolism and excretion of POPs. As such, 
future studies are required to investigate more variables to enhance the predictability. 
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CHAPTER 5 TRANSPLACENTAL TRANSFER OF 
PERSISTENT ORGANIC POLLUTANTS AND THE 
PRENATAL EXPOSURE IN SINGAPORE 
 
5.1 Introduction 
The transfer of persistent organic pollutants (POPs) across the human placenta has 
been documented (Saxena et al., 1981; Schwartz et al., 1983; Jacobson et al., 1984; 
Ando et al., 1985). Intrauterine exposure to pesticides and PCBs has been linked to 
adverse birth outcomes, such as lowered birth weight, decreased body size, a 
reduction in intelligence quotient and abnormal behavior (Guo et al., 1995a; Lanting 
et al., 1998; Ribas-Fito et al., 2001; Zhou et al., 2002; Main et al., 2007). As the 
published literature on fetal exposure to POPs grows, there remains a paucity of data 
on the comprehensive understanding of the antenatal exposure to these xenobiotics in 
Singapore.  
 
This study was initiated to determine the prevailing levels of POPs in fetal and 
maternal tissues and fluids. Pollutants of concern include those in production and use 
throughout the last few decades and known to pose risks to the environment and 
human health, namely, organochlorine pesticides (OCPs), polychlorinated biphenyls 
(PCBs), and a newly emerged group of POPs, i.e. polybrominated diphenyl ethers 
(PBDEs). The transplacental transfer (TPT) phenomenon, where environmental 
toxins enter fetal blood circulation after maternal exposure, was studied by 
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determining and comparing the residual concentrations of POPs in pair-wise feto-
maternal tissues, i.e., maternal adipose tissue, blood, placenta and umbilical cord 
blood. The placenta, an organ where the exchange of substances in maternal and fetal 
blood circulation takes place, has been proposed to be used as a surrogate for 
assessing the fetal exposure to POPs (Sastry, 1999; Myllynen et al., 2005; Lopez-
Espinosa et al., 2007; Myren et al., 2007). Therefore, in this study, the concentrations 
of POPs measured in the placental tissue were correlated with those in fetal blood to 
evaluate how prenatal exposure could be predicted using this non-invasively acquired 
tissue. 
 
Manuscript on the data presented in this chapter has been prepared and submitted to 
Chemosphere. 
 
5.2 Sample Information 
Specimens of this cohort study included maternal abdomen adipose tissue 
(approximately 5 g), blood (approximately 30 ml), placenta (approximately 20 g) and 
umbilical cord blood (approximately 30 ml. The summary of the characteristics of 
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Table 5-1. Maternal and neonatal variables collected via questionnaires. 
 
Maternal variables Mean SD Median 
Age (yr) 30.9 5.63 31.5 
Height (m) 159 5.85 157 
Pre-pregnant weight (kg) 58.7 13.9 54.5 
Pre-delivery weight (kg) 72.7 15.7 69.9 
Pre-pregnant BMI (kg/m2) 23.3 5.42 21.8 
Pre-delivery BMI (kg/m2) 28.9 5.64 27.4 
Parity 0.74 0.743 1 
Fish (g week-1) 168 106 150 
Seafood (g week-1) 54.3 51.1 50 
Red meat (g week-1) 117 99.5 100 
Poultry (g week-1) 149 89.1 150 
Food 
consumption 
Milk (l week-1) 1.21 1.11 1.25 
 Category Frequency Percentage (%) 
Ethnicity Chinese 20 43.5 
 Indian 10 21.7 
 Malay 13 28.3 
 Others 3 6.52 
Occupation Housewife 16 34.8 
 Career woman  30 65.2 
Antenatal complication (GDM) Yes 18 (10) 39.1 (21.7) 
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Antepartum haemorrhage Yes 1 2.17 
Preeclampsia Yes 5 10.9 
Previous breast-feeding  Yes 26 56.5 
Vegetarian Yes 3 6.52 
Alcohol Yes 2 4.35 
Tobacco Yes 1 2.17 
Neonatal variables Mean SD Median 
Gestational age (d) 268 7.49 268 
Baby head circumference (cm) 34 1.32 34 
Birth weight(g) 3139 64 53 
Baby length(cm) 49.2 2.16 49 
Ponderal Index (g1/3 cm-1 *100) 29.7 0.832 29.8 
Apgar score at 1min 8.33 1.3 9 
Apgar score at 5min  8.94 0.327 9 
 Category Frequency Percentage (%) 
Baby gender Male  28 60.9 
  Female 18 39.1 
 
5.3 Results and Discussion 
5.3.1 Levels of OCP, PCB and PBDE in fetal and maternal compartments 
Relative standard deviations (RSDs) of duplicate analysis of samples were 
satisfactory, below 29.8% (i.e. from 0.3% to 29.8%) for all compounds measured. 
Chapter 5: Transplacental Transfer of Persistent Organic Pollutants 
and the Prenatal Exposure in Singapore  
 
 76
LOD varied from 0.07 to 1.6 mL-1 on column. The median concentrations of POPs in 
four fetal and maternal compartments, including maternal adipose tissue, blood, 
placenta, and umbilical cord blood, are summarized in Table 5-2. POP residues in 
each of the four compartments exhibited a similarity that the sum of OCPs (on the 
order of hundreds of ng g-1 lipid weight) was the most abundant followed by total 
PCBs (on the order of tens of ng g-1 lipid weight) and total PBDEs (less than ng g-1 
lipid weight). The presence of POPs in cord blood corroborates the existence of 
transplacental transfer (TPT) of these xenobiotics. Experimental analyses of lipid 
infusion between maternal and fetal blood samples showed that there was an influx of 
lipids from maternal and placental sources into fetal circulation (Elphick et al., 1978; 
Hendrickse et al., 1985; Berghaus et al., 1998), and POPs of strong lipid affinity are 
believed to enter attached to maternal lipids.  
 
Generally, POPs in adipose tissue were found to be the most concentrated, while the 
lowest levels were in placental tissue. (e.g., p,p’-DDE, concentrations in placenta 
were significantly lower than those in maternal adipose tissue, as was determined by 
the Mann-Whitney test, p-value< 0.0001). This is probably due to the presence of 
metabolizing enzymes in the placenta reducing the residues of contaminants. The 
placenta is known to contain multiple cytochrome P450 enzymes in the mitochondria 
and endoplasmic reticulum of trophoblastic cells (Bourget et al., 1995). Cytochrome 
P450 (CYP) enzymes are known to be capable of catalyzing a variety of reactions 
including epoxidation, N-dealkylation, O-dealkylation, S-oxidation and hydroxylation, 
and can transform xenobiotics to more water soluble compounds which can be readily 
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excreted via urine (Bourget et al., 1995; Lagueux et al., 1999). Moreover, the transfer 
of POPs from maternal to fetal blood may lead to a steady-state with the levels in the 
placenta lower than the other two matrices.  
 
Concentration profiles of POPs in cord blood and maternal blood differed, even 
though the two matrices are interfaced, where POPs in maternal blood are deemed as 
the source of those in cord blood. Generally, median levels of total OCPs and PBDEs 
were higher in cord blood than in maternal blood. In contrast, the sum of PCBs was 
more concentrated in maternal blood. Compound-dependent concentration gradients 
between maternal and fetal blood are probably caused by dissimilarities in physico-
chemical properties of molecules which govern the transmission of POPs, in terms of 
molecular weight, ionization (pKa), functional groups, lipophilicity, and potential 
protein binding (Pacifici and Nottoli, 1995). Molecular characteristics play an 
important role in governing the TPT of POPs if transport mechanisms (e.g. facilitated 
diffusion, molecular transporters, endocytosis) other than simple diffusion are 
involved (Bourget et al., 1995).  
 
The partitioning of PCB and PBDE congeners in feto-maternal blood was 
characterized by the molecular weight: the median concentrations in cord blood 
decreased with a higher degree of halogen-substitution (i.e. higher molecular weight) 
compared with those found in maternal blood. Specifically, PBDE congeners with 
more than six bromines (i.e. PBDE 153, 154, 183) were all detected in less than half 
of the fetal blood samples (as shown in Table 5-2). A similar phenomenon was also 
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observed by Guvenius et al. (2003) who reported higher levels of PBDE 153 in 
maternal blood than cord blood, and attributed it to the high mass of this molecule. 
Substances in the maternal blood (in the intervillous spaces) need to go through the 
walls (placenta membrane) of the villi and enter the fetal capillaries in the placenta. 
Here, the small pore size of the placenta membrane acts as a barrier to prevent the 
infusion of some big molecules from maternal blood to fetal circulation (Myllynen et 
al., 2005). Pacifici and Nottoli (1995) found in their drug delivery study that 
compounds of a molecular weight over 500 D have shown incomplete transfer across 
the placenta.   
 
The distributions of pesticides and their metabolites in maternal and fetal blood are 
also compound-dependent (Table 5-2). The median concentration of β-HCH in cord 
blood was one order of magnitude lower than those of maternal compartments, 
whereas chlordanes were present at higher median levels in cord blood. DDT and its 
derivatives tended to accumulate in fetal blood. In addition, it is shown that the ratio 
of DDT/DDE was high in cord blood (0.11 at median level) compared with that of 
other three matrices (i.e. 0.07, 0.02, 0.05 for maternal blood, placenta and adipose 
tissue at median level respectively). This was also the case for the ratio of DDT/DDD. 
Relatively high levels of parent compounds (e.g. p,p’-DDT) in cord blood suggest the 
relatively poor ability to metabolize toxins in the fetus (Barr et al., 2007).  
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Table 5-2. Median concentrations of predominant POPs in four maternal and fetal compartments (ng g-1 lipid weight). 
 
Adipose tissue (n=46) Placenta (n=43) Maternal blood (n=40) Cord blood (n=41) Category 
Range Median %>LOD Range Median %>LOD Range Median %>LOD Range Median %>LOD 
Lipid 
content % 






































93.7 100 24-2680 134 100 27.9-2030 201 100 
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Adipose tissue (n=46) Placenta (n=43) Maternal blood (n=40) Cord blood (n=41) Category 

















PCB 132 & 
153 
2.14-64 12.7 100 0.32-
13.5 
3.06 100 <LOD-63 7.42 95 <LOD-
29.8 
6.15 98 
PCB 138 & 
158 







































PBDE 99 <LOD-32 0.31 87 <LOD- 0.89 77 <LOD-36 0.23 70 <LOD- 0.37 60 
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5.3.2 Model of PLSR 
Y (log (U/M) = log (concentration in umbilical cord blood)/ (concentration in 
maternal blood)) was regressed on X variables (the maternal and neonatal variables 
collected via questionnaires) using the PLSR technique to construct models. Only five 
models were established (i.e. p,p’-DDT, PCB congeners 28 & 32, 118, 132 & 153 and 
138 & 158), and the X variables had limited abilities in explaining the variations in Ys, 
suggesting the existence of other important factors controlling TPT in addition to 
those noted in the questionnaires. The details of the models are presented in Table 
5-3. The variables of the greatest importance are in bold (i.e. with the value of VIP 
larger than 1), and those with asterisks are statistically significant (i.e. with p-value < 
0.5). Baby head circumference, ponderal index, Apgar score at 1 min post-birth (A1), 
and gestational age were neonatal parameters exhibiting the greatest and most 
significant influence on the partitioning of POPs between fetal and maternal 
compartments. Maternal characteristics, including ethnicity, age, occupation, BIM, as 
well as milk consumption during pregnancy, were strongly correlated with TPT of 
POPs. Other variables such as any antenatal complications of the expectant mother 
and food consumption during pregnancy were also implicated in the models. 
However, as the outcomes were either statistically insignificant or had only minor 
contributions, these relationships are regarded as tenuous. On this basis, only the 
highlighted variables are discussed in the following section. 
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Table 5-3. R2, Q2 values of the models and the influential variables on TPT of POPs. 
  
Compound p,p’-DDT PCB 28 & 31 PCB 118 PCB 132 & 153 PCB 138 & 158 
Number of 
component 
1 1 1 1 1 
R2X 0.164 0.188 0.118 0.142 0.177 
R2Y 0.447 0.533 0.464 0.416 0.41 
Q2 0.148 0.389 0.105 0.08 0.165 
Intercept 0.136 -0.015 -0.459 -0.276 -0.437 
BHC* 0.235 OCC* -0.171 BHC* -0.261 RM 0.205 MIL* 0.264 
IN* -0.21 IN* 0.162 ALC -0.149 AGE* 0.197 AGE 0.209 
GES* 0.16 BHC* -0.159 PRB -0.132 BHC 0.18 GES 0.144 
POU 0.135 AGE* 0.159 TOB -0.122 MIL 0.16 ALC 0.113 
CH 0.128 GES* -0.151 GES -0.115 POU 0.152 PRB -0.104 
PI 0.122 PRB -0.133 IN 0.111 OCC* 0.146 BHC 0.101 
BG -0.112 MIL* 0.128 POU -0.096 PB 0.112 TOB 0.1 
AC -0.106 PI* -0.124 SEA 0.093 MA* 0.11 PE -0.089 
RM 0.099 POB -0.112 GDM 0.089 PI 0.107 MA -0.074 
Variable a
(coefficient) 
PE -0.093 CH -0.091 POB* -0.087 PRB* 0.104 FIS 0.073 
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AGE -0.085 MA* -0.088 WG 0.086 SEA 0.086 AC 0.067 
OCC 0.077 PE -0.085 AGE -0.083 POB* 0.081 CH 0.065 
TIM -0.076 POU -0.085 A1* -0.081 IN -0.077 POB -0.065 
  RM -0.068 AC -0.078 PAR 0.072 WG 0.064 
    CH -0.077     
    PE -0.074     
    PI -0.069     
    PB -0.062     
    VEG -0.057     
a: variables with greatest importance (VIP>1) are in bold, and those with asterisks (*) are statistically significant. 
For abbreviations: A1: Apgar score at 1 min; A5: Apgar score at 5 min; AC: antenatal complication; AH: antepartum haemorrhage; 
BG: baby gender (boys are denoted as 0, girls as 1); BHC: baby head circumference; CH: Chinese; FIS: amount of fish consumed by 
mother; GES: gestational age; IN: Indian; LEN: length of infant; MA: Malay; MIL: amount of milk consumed by mother; OCC: 
occupation of mother (housewives are denoted as 0, career women as 1); PAR: parity; PB: previous breast-feeding; PE: preeclampsia; 
PI: ponderal index; POB: post-pregnancy BMI; POU: amount of poultry consumed by mother; PRB: pre-pregnancy BMI; RM: 
amount of red meat consumed by mother; SEA: amount of seafood consumed by mother; TIM: date of sample collection; VEG: 
vegetarian; WG: maternal weight gained during pregnancy. 
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5.3.3 Influential factors on TPT of POPs  
Factors in relation to the TPT of POPs are compound-dependent (Table 5-3). A 
longer pregnancy (gestational age) resulted in an increased presence of p,p’-DDT, but 
a lower concentration of  PCB 28 & 31 in fetal blood. A longer pregnancy provides a 
longer duration for the accumulation of POPs in fetal blood, but as the fetuses grow 
their detoxification ability may enhance (Hakkola et al., 1998), thereby lowering 
residue levels of POPs in fetal blood. It has been noted by many researchers that 
certain proteins work as efflux transporters in the human placenta that protect the 
fetus from toxic chemicals, such as P-glycoprotein, multi-drug resistance associated 
proteins (MRPs) and the breast cancer resistant proteins (BCRPs). The expression of 
these efflux transporters at the mRNA level has been found to increase during 
gestation (St-Pierre et al., 2000; Tanabe et al., 2001; Pascolo et al., 2003), which 
suggests an enhanced protection as the fetus develops. Due to the differences in 
response to the efflux transporters and the detoxification enzymes, molecules with 
different physico-chemical properties could finally exhibit distinct concentration 
profiles in the feto-maternal unit.  
 
Baby head circumference (BHC) was most frequently identified in the models as an 
explanatory variable, but the types of correlation were contradictory (i.e. positive or 
negative) between models (see Table 5-3). Smaller head circumferences were found 
in neonates with a higher fetal-to-maternal ratio of PCB 28 & 31 and 118, but a 
smaller ratio of p,p’-DDT. Nevertheless, high ratios do not necessarily mean high 
POP concentrations, and reasons for these relationships remain obscure. Apgar scores 
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measured at birth, to some extent, reflect fetal development. In this study, A1 was 
found to be negatively associated with the distribution ratio of PCB 118 between fetal 
and maternal blood. Poor fetal development is most likely linked to an impaired 
detoxification capability of the fetus which may be attributable to relatively high 
levels of this pollutant in cord blood. It is noticed that the obesity in mothers (as 
indicated by BMI) and neonates (as indicated by PI) decreased the ratio of 
concentrations of PCBs in two compartments. A dilution effect may account for the 
decreased levels in infants.  
 
Significant discrepancies in TPT were found between ethnic groups, most likely 
explained by differences in genotype and lifestyle. The occupation of the participant 
was also an important determinant for the TPT of PCB congeners. Differences in 
exposure may account for this phenomenon. The age of the mother also played a role 
in TPT. Neonates of older mothers had a noticeable elevation in the cord blood levels 
of certain PCB congeners. Age-dependent accumulation of POPs in maternal tissues 
has been documented previously by many researchers (Lackmann et al., 1999; Sjödin 
et al., 2000; Kim et al., 2005; Cerrillo et al., 2006), but the effect of age on TPT may 
be linked to impaired activities of detoxification enzymes of the fetuses of more aged 
mothers. Further investigation is needed to verify this. Milk intake by the expectant 
mother was found to have a positive effect on the TPT of PCB congeners in this study. 
Intake of dairy products may elevate the transmission of fatty acids and lipids. POPs 
are believed to enter fetal circulation bound to these substances, thereby resulting in 
an accumulation of POPs in fetal blood. 
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5.3.4 The placenta: a surrogate for prenatal exposure assessment?  
Correlation coefficients between the levels of POPs in fetal cord blood and those in 
the placental, maternal adipose tissues and maternal blood were determined using the 
Spearman's rank correlation test (see Table 5-4). The coefficients which are 
statistically significant (with p-value < 0.5) are in bold. Strong correlations between 
the levels in the placenta and cord blood could validate the use of the placenta as a 
surrogate tissue for the quantitative prediction of fetal exposure to these 
environmental toxins. 
 
Strong and significant correlations were observed for contaminant residues in 
placenta and cord blood (shown in Table 5-4), such as p,p’-DDE (0.806), PCB 118 
(0.718), PCB132 & 153 (0.776), suggesting that the fetal levels of these compounds 
could be predicted by the concentrations in placenta. These predictable POPs are of 
great chemical stability and of a moderate molecular weight (e.g., 318, 368 Da for 
p,p’-DDE and hexa-PCBs respectively), and are likely to have a lowered metabolism 
in the human body and free diffusion between two compartments. Therefore, a steady 
state and uniform distribution are more likely to be established. However, no 
significant correlations were found for the concentrations of POPs with either a larger 
molecular size (e.g. PBDE 183) or comparably lower stability (e.g. p,p’-DDD). This 
is probably because comparing the simple positive diffusion of small molecules (e.g 
H20, O2), the transfer of large molecules across the placental membrane is more 
complex and may involve several types of transport mechanisms including facilitated 
diffusion, active transport, and perfusion (e.g. fatty acids or hormones across placenta 
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membrane with the help of transporter proteins). In addition, for the less stable 
compounds, metabolism is individual-dependent and likely to be affected by the 
physiological characteristics of the person.  
 
Table 5-4. Spearman’s rank correlation coefficients between the levels of POPs 
in cord blood and those in maternal matrices. 
 
Variables Placenta Adipose tissue Maternal blood 
β-HCH 0.438 a 0.681 0.645 
p,p’-DDE 0.806 0.695 0.829 
p,p’-DDD 0.301 0.241 0.342 
p,p’-DDT 0.306 0.235 0.244 
PCB 28 & 31 0.022 0.008 0.278 
PCB 101 0.081 0.142 -0.197  
PCB118 0.718 0.385 0.298 
PCB132 & 153 0.776 0.712 0.590 
PCB138 & 158 0.613 0.639 0.288 
PCB180 0.672 0.623 0.144 
PBDE 28 0.387 -0.1 0.303 
PBDE 183 -0.064 0.452 0.94 
a: Values in bold are significantly different from 0 with a significance level 
alpha=0.05 
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Higher levels of parent compounds (e.g. p,p’-DDT) were found in cord blood 
compared with maternal tissues, suggesting the relatively poor detoxification abilities 
of the fetus. The compound-dependent concentration gradients between the cord 
blood and maternal blood are most likely to be related to the dissimilarities in the 
physico-chemical properties of compounds that govern their transmission between 
compartments. Compared to other compartments, the levels of certain POPs in the 
placental tissue exhibited stronger relationships with those in cord blood. Therefore, 
the placenta represents a good biomarker for evaluating fetal exposure to specific 
environmental toxins during pregnancy. However, the POP concentrations detected in 
placenta were shown to be generally lower than those in cord blood, probably due to 
the presence of metabolizing enzymes (as discussed in Section 5.3.1). As such, 
estimation of fetal exposure based on placenta residues should be performed with 
adjustment, by multiplying concentrations detected placenta with the pre-established 
dilution factors (the ratios of POPs in cord blood over those in placenta obtained here) 
Further studies may be needed to ascertain the TPT of other toxic chemicals which 
could also be harmful to fetal development such as the non-persistent pesticides and 
the metabolic products of PCBs including the hydroxy-polychlorinated biphenyl 
(OH-PCB) congeners.  
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CHAPTER 6 EXPOSURE TO PERSISTENT ORGANIC 




Rapid industrialization has resulted in increasing levels of previously non-existent 
agricultural and industrial chemicals, including organochlorine pesticides (OCPs), 
polychlorinated biphenyls (PCBs) and polybrominated biphenyl ethers (PBDEs), in 
the environment and human compartments. The fetuses and neonates are believed to 
be more vulnerable to the effects of environmental pollutants as their organs and 
detoxification enzymatic systems are immature (Barr et al., 2007). The exposure to 
POPs in utero has been linked to various adverse effects on developing fetuses 
including intrauterine growth retardation (IUGR), neurocognitive deficits, and 
hormonal dysfunctions (Rogan et al., 1986; Berkowitz et al., 2004; Sharpe and Irvine, 
2008).  
 
Numerous epidemiological studies have been initiated to identify the factors 
associated with birth outcomes from maternal factors, fetal genotypes, and the 
prenatal exposure to certain pollutants (Taylor et al., 1989; Catalano et al., 1995; 
Vartiainen et al., 1998; Arad et al., 2001; Berkowitz et al., 2004; Khanjani and Sim, 
2006; Givens et al., 2007; Lunde et al., 2007; Sweeney and Symanski, 2007; Wolff et 
al., 2007). However, the majority of studies have examined the potential affecting 
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factors from only one aspect (i.e. either maternal factors or pollutants) and performed 
data analysis using the OLSR method. OLSR can not deal with variables with inter-
correlations, and therefore correlation tests and adjustments are requisites before 
modeling. Such procedures are laborious and time-consuming. Alternatively, there 
are more advanced MVA methods, such as PCA and PLSR, which are capable of 
processing strongly collinear, noisy and numerous X-variables (Wold et al., 2001). 
Utilization of these statistical evaluations enables more accurate results with 
simplified data processing procedures. 
 
In this study, concentrations of POPs, including OCPs, PCBs and PBDEs, in human 
umbilical cord blood samples obtained in Singapore were determined and compared 
with international datasets. In addition, by applying MVA techniques including PLSR 
and PLS-DA, birth outcomes were correlated with the levels of POPs found in cord 
blood (representing the chemical exposure in utero) together with maternal 
characteristics including maternal weight, reproductive history, alimentary habits, 
health conditions and lifestyle. Furthermore, the impact factors were identified and 
underlying causal mechanisms are discussed, wherein the significant relationships 
yield useful information and background data for more in-depth epidemiological 
studies. 
 
Manuscript reporting the experimental data presented in this chapter has been 
published in Chemosphere (Tan et al., 2009). 
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6.2 Sample Information 
Umbilical cord blood samples (approximately 30 ml) were collected from the babies 
of 41 native Singapore mothers who were admitted to the National Hospital of 
Singapore for cesarean section during the year 2006. Details of the characteristics of 
mothers and their newborn infants were documented (see Table 6-1).  
 




Mean SD Median 
Age (yr) 31 5.6 32 
Weight gained (kg) 14.3 7.28 14 
Pre-pregnant BMI (kg m-2) 23.6 5.55 21.9 
Pre-delivery BMI (kg m-2) 29.1 5.8 27.6 
Parity 0.683 0.65 1 
Fish (g week-1) 172 111 200 
Seafood (g week-1) 53.7 51.7 50 
Red meat (g week-1) 110 94.5 100 
Poultry (g week-1) 150 92.2 150 
Food consumption 
Milk (l week-1) 1.3 1.13 1.5 
 Category Frequency 
Percentage 
(%) 
Ethnicity Chinese 19 46.3 
 Indian 9 22 
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 Malay 11 26.8 
 Others 2 4.9 
Occupation Housewife 14 34.1 
 Career woman  27 65.9 
Antenatal complication (GDM) Yes 14 (7) 34.1 (17.1) 
Preeclampsia Yes 5 12.2 
Previous breast-feeding  Yes 23 56.1 
Vegetarian Yes 3 7.32 
Alcohol Yes 2 4.88 
Tobacco Yes 1 2.44 
Neonatal variables Mean SD Median 
Gestational age (d) 268 7.56 268 
Baby head circumference (cm) 34 1.34 34 
PI (g1/3 cm-1 *100)  29.7 0.833 29.8 
Apgar score at 1min  8.49 1.2 9 
Apgar score at 5min  8.95 0.312 9 
 Category Frequency 
Percentage 
(%) 
Baby gender Male  24 58.5 
  Female 17 41.5 
Chapter 6: Exposure to Persistent Organic Pollutants in utero 
and the Birth Outcomes 
 94
6.3 Results and Discussion 
6.3.1 Levels of OCP, PCB and PBDE in cord blood 
Relative standard deviations (RSDs) of duplicate analyses of samples were all below 
29% (i.e., from 2.5% to 29%) for all congeners measured. POPs with the median 
concentrations above detection limit are summarized in Table 6-2. Among all POPs 
tested, organochlorine pesticides were the most predominant with a median level 
(sum of pesticides) of 440 ng g-1 lipid weight, being one and two orders of magnitude 
higher than that of total PCBs (30.2 ng g-1 lipid weight) and PBDEs (3.3 ng g-1 lipid 
weight) respectively. These pesticides have been phased out long ago, but were still 
present at high levels, suggesting their extreme persistence in the environment and 
human body, and further exposure is expected for the decades to come. Relatively 
few PBDE (i.e, 28, 47, 99) and PCB (i.e. 28 & 31, 118, 132 & 153, 138 & 158, 180) 
congeners were detected in more than half of the samples, compared to the results of 
maternal adipose tissue study (Tan et al., 2008). In this case, the placenta membrane 
may act as a barrier to prevent the transmission of certain molecules (e.g. big 
molecule, PBDE 183) from maternal blood into fetal circulation (Myllynen et al., 
2005). The concentrations of PBDE congeners detected in cord blood samples from 
Singapore are comparable to the levels detected in cord blood samples from other 
countries, such as Sweden (Guvenius et al., 2003) and China (Bi et al., 2006) (as 
shown in Table 6-2). A slightly higher concentration of PBDE 47 in cord blood was 
observed in a U.S study (Herbstman et al., 2007) compared to the value in Singapore. 
The median levels of indicator PCB congeners measured here are similar to the U.S 
levels reported, but samples from Sweden (Guvenius et al., 2003) appear to be more 
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heavily contaminated with PCBs if temporal variation is not taken into account. A 
wider range of PCB concentrations was found in a Canadian cohort (Muckle et al., 
2001), suggesting large individual variations in exposure.   
 
Correlations between the concentrations of POPs in cord blood were examined using 
the Spearman's rank correlation test, and the results are shown in Table 6-3, where 
the coefficients that are statistically significant (with p-value smaller than 0.05) are in 
bold. Strong inter-correlations were found among the concentrations of DDT and 
PCB congeners, chlordanes, and between PBDE 47 and 99. Significant correlation 
among the different groups of chemicals (i.e., pesticides, PCBs, and PBDEs) were 
scarce, with only one positive relation between p,p’-DDE and PCB 138 & 153 (rs= 
0.309) and a negative one between β-HCH and PCB 180 (rs= -0.319). The 
similarities/dissimilarities in physicochemical properties of these compounds may 
account for these observations. However, associations found among the 
concentrations of POPs in cord blood were generally weaker than those in maternal 
adipose tissues (Li et al., 2005b). This is expected, as levels of POPs in cord blood are 
controlled by many factors, including their ability to transfer across the placenta, as 
well as metabolic variation between sample donors.  
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Table 6-2. Concentrations of POPs in cord blood in Singapore and comparison with data from other studies (ng g-1 lipid 
weight). 
 
Country Singapore (this study) Stockholm, 
Sweden 
(Guvenius 
et al., 2003) 
Southern 







(Muckle et al., 
2001) 
Statistic Range Median Mean SD Median Median  Median  Range  
β-HCH  <LOD-694 3.38 85.4 173     
trans-chlordane  <LOD-13.2 4.44 4.83 3.63     
cis-chlordane  <LOD-11.8 0.7 1.95 2.78     
p,p'-DDE  27.9-2030 201 402 455    55.7-1773.4 
p,p'-DDD  <LOD-30.7 2.69 3.83 5.78     
p,p'-DDT  <LOD-192 21.9 34.5 38.4    4.2-58.2 
PCB 28 & 31  <LOD-13.2 1.21 1.81 2.55 1    
PCB 118  <LOD-12.5 1.61 2.37 2.93 4  3.0 3.8-97.4 
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PCB 132 & 153  <LOD-29.8 6.12 7.95 6.52 44 6.2 6.4 13.4-550.9 
PCB 138 & 158  <LOD-24.5 5.32 7.08 6.03 34  4.9 10.1-313.1 
PCB 180  <LOD-46.1 3.19 5.63 9.23 17  2.6 6.1-164.2 
PBDE 28  <LOD-3.85 0.4 0.55 0.79 0.07 0.63 0.9  
PBDE 47  <LOD-238 1.69 7.86 36.9 0.98 1.4 13.6  
PBDE 99  <LOD-151 0.35 4.38 23.4 0.07 0.47 4.3  
∑OCPs  73.8-2500 440 569 571     
∑PCBs  5.68-138 30.2 38.2 29.1     
∑PBDEs  <LOD-459 3.3 22.7 86     
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& 31  
PCB 
118  
PCB 132 & 
153  










β-HCH  -0.092 0.037 0.193 0.123 0.230 0.190 -0.270 -0.210 -0.158 -0.319 -0.139 -0.087 0.017 
trans-
chlordane   
0.592 a 0.196 0.073 0.340 0.349 0.221 0.093 0.096 -0.034 0.238 -0.047 0.135 
cis-
chlordane    
0.418 0.114 0.304 0.265 0.082 -0.120 0.140 -0.167 0.297 0.073 0.169 
p,p'-DDE  
   
0.502 0.389 0.284 0.221 0.055 0.309 0.038 0.162 0.000 -0.098 
p,p'-DDD  
    
0.555 0.003 0.084 -0.028 -0.042 0.133 0.171 0.245 0.067 
p,p'-DDT  
     
0.051 -0.137 -0.212 -0.066 -0.193 -0.025 0.268 0.171 
PCB 28 & 
31        
0.230 -0.060 0.010 -0.177 -0.072 0.180 -0.118 
PCB 118  
       
0.398 0.405 0.480 0.112 -0.187 0.038 
PCB 132 & 
153          
0.777 0.782 0.104 -0.241 -0.142 
PCB 138 & 
158           
0.543 0.183 0.000 0.022 
PCB 180  
          
0.269 -0.117 -0.040 
PBDE 28  
           
0.331 0.259 
PBDE 47  
            
0.502 
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6.3.2 Models constructed 
Models on birth weight (R2Y=0.748; Q2=0.677), baby length (R2Y=0.735; Q2=0.674) 
and head circumference (R2Y=0.688; Q2=0.0.562), Apgar at 1 minute after birth (A1) 
(R2Y=0.663; Q2=0.286) and baby gender (R2Y=0.541; Q2=0.181) were constructed. 
Table 6-4 shows the information of models, and Figure 6-1 and Figure 6-2 (a) 
present the coefficient of variables. Error bars on the coefficient columns in the 
figures indicate the confidence intervals. Those with error bars not crossing zero are 
significant coefficients. In PLS-DA study, babies were pre-classified based on their 
gender, denoting boys as “1”, and girls as “0”. In Figure 6-2 (b), observed and 
predicted values are plotted. The ponderal index (PI) of neonates failed to be 
predicted by variables analyzed, where no significant component was generated in 
PLSR.  
Table 6-4. The information of models constructed by MVA . 
Parameter Birth weight Baby length 
Baby head 
circumference 
Apgar at 1 
minute 
Baby gender 
Model PLSR PLSR PLSR PLSR PLS-DA 
Number of 
component 
1 1 1 1 1 
R2X 0.204 0.247 0.176 0.208 0.087 
R2Y 0.748 0.735 0.688 0.663 0.541 
Q2 0.677 0.674 0.562 0.286 0.181 
Intercept 6.87 22.7 25 8.09 
1.17 (Male) 
0.83 (Female) 
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Figure 6-1. Coefficient plots of variablesa from four models derived by PLSR. (a) 
baby length, (b) birth weight, (c) baby head circumference, (d) Apgar at 1 
minute. Error bar represents 95% confidence interval.  
 
 
    
(b) 
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a: for abbreviations: A1: Apgar score at 1 min; A5: Apgar score at 5 min; AC: 
antenatal complication; AH: antepartum haemorrhage; BG: baby gender; BHC: baby 
head circumference; BW: birth weight of infant; CH: Chinese; FIS: amount of fish 
consumed by mother; GES: gestational age; HEI: height of mother; IN: Indian; LEN: 
length of infant; MA: Malay; MIL: amount of milk consumed by mother; OCC: 
occupation of mother; PAR: parity; PB: previous breast-feeding; PE: preeclampsia; 
PI: ponderal index; POB: post-pregnancy BMI; POU: amount of poultry consumed 
by mother; POW: post-pregnancy weight; PRB: pre-pregnancy BMI; PRW: pre-
pregnancy weight; RM: amount of red meat consumed by mother; SEA: amount of 
seafood consumed by mother; TIM: date of sample collection; VEG: vegetarian; WG: 
maternal weight gained during pregnancy.  
(c) 
 (d) 
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Figure 6-2.  Coefficienta plot of variables (a) and plot of observed vs. predicted (b) 
from model on baby gender derived by PLS-DA, error bar represents 95% 
confidence interval. For abbreviations of variables see footnote of figure 1. 
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6.3.3 Baby head circumference, length and Birth weight 
The variations in baby birth weight, length, and BHC were explained mostly by other 
two fetal anthropometric measurements. For example, baby length and head 
circumference explained the majority of variance in birth weight (as shown in Figure 
6-1(a)-(c)). Gestational age was also an important determinant for these growth 
indices. This is expected as these variables are biologically associated. Following the 
biological relevance, the effects of chemical exposure on fetal growth were observed, 
i.e., negative effects of chlordanes and PCBs on baby head circumference, birth 
weight and length, which have been noted in many other studies (Taylor et al., 1989; 
Vartiainen et al., 1998; Wolff et al., 2007). Neonatal brain size is believed to be 
positively related to the intelligence quotient of the baby, and the adverse effects of 
pollutants on neurodevelopment of fetuses could be reflected by a reduced head 
circumference at birth (Rushton and Ankney, 1996). PCBs are known as the notorious 
man-made chemicals accounting for the strongest and most consistent adverse impact 
on neurodevelopment in offspring (Walkowiak et al., 2001). However, in this study, 
DDTs and β-HCH were positively related to baby head circumference and birth 
length and weight. This finding is in contrast with the inverse association noted in the 
US study (Wolff et al., 2007). The difference may be attributed to the variations in 
sample size, geographic location, data analytical methods used between the two 
studies, and genetic differences between ethnic groups. 
 
Moreover, these babies’ growth indices were positively related to some maternal 
physical characteristics, such as mother’s height, weight and BMI, representing the 
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influence from maternal genetics. Maternal alimentary habits and ethnicity also had 
influences on neonatal variables. The differences in maternal nutrition/pollutants and 
genetics intake could explain these dissimilarities, but further studies are needed to 
fully understand the control mechanism. However, it is surprising to observe a 
negative effect of milk consumption by the mother on her baby’s birth weight and 
length increment. This is probably due to the concurrence of other contaminants (e.g. 
polychlorinated dibenzo-p-dioxin and polychlorinated dibenzofuran (PCDD/F)) in 
dairy products which counteracts the positive effect of this nutritious food. Increased 
parity and aging, and previous breastfeeding experience of the mother were 
associated with an increment in baby head circumference and weight, for which 
confounding factors are suspected, such as maternal hormone levels, metabolisms and 
health condition.  
 
The positive effects were observed for tobacco smoking and alcohol consumption on 
the baby head circumference, which are not expected, despite being statistically 
insignificant. This is in contradiction to the negative relationships observed by other 
researchers (Sulaiman et al., 1988; Godel et al., 1992). However, data is not 
conclusive as the number of observations in this study was restricted.  
 
Fetal growth restriction has been found to be associated with increased risks of 
disease later in life, such as cardiovascular disease and Type 2 diabetes (Hales, 1997; 
Barker, 2004). Therefore, determination of the factors affecting fetal growth is of 
great importance in order to provide opportunities for prevention and intervention. 
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Fetal growth and development, including birth weight, body length and head 
circumference, are most likely influenced by fetal genotype and the intrauterine 
environment, and variation in growth of normal fetuses (no genetic abnormalities) is 
mostly governed by factors such as maternal and paternal genetics, maternal lifestyle, 
nutrient supply etc. (Regnault et al., 2001).  In this study, it is found that chemical 
exposure in utero could also be deemed as an important factor that affects the growth 
of fetuses, even at the normal doses in general population.  
 
6.3.4 Apgar score 
The Apgar score at 1 min post-birth (A1) was moderately predictable by the X 
variables (R2Y=0.663; Q2=0.286), and was positively associated with the Apgar score 
at 5 min post-birth (A5) (Figure 6-1(d)). The presence of PCB congeners in cord 
blood was observed causing deterioration in fetal health as indicated by a lowered A1. 
However, DDTs, PBDE 47 and 99 exhibited as positive factors on the neonatal 
performance at birth. These chemical-specific differences require further investigation 
of the mechanism. The amount of seafood consumed by the mother was negatively 
associated with the physical condition of neonate. The accumulation of other 
contaminants in seafood, such as inorganic lead and organic mercury, which were not 
investigated here, may account for the adverse effects on A1 scores. The A1 value 
decreased as the parity increased, which is probably due to the decline in physical 
condition in multipara and subsequent poor outcomes. In addition, the gender of the 
neonate was another independent factor for predicting baby health at birth, i.e., boys 
had a lower Apgar score. Boys have been found to have a higher morbidity and 
Chapter 6: Exposure to Persistent Organic Pollutants in utero 
and the Birth Outcomes 
 106
mortality than girls at birth (Mitchell and Stewart, 1997) and later in childhood (van 
den Bosch et al., 1992; Gissler et al., 1999), but the mechanism for this difference is 
still uncertain (Elsmén et al., 2004). Data from animal studies have indicated that the 
dissimilarities in hormonal function and stress responses between the two genders are 
the main causal factors. However, caution is needed in extrapolating these findings to 
humans (Elsmén et al., 2004). 
 
6.3.5 Baby gender 
PLS-DA results on baby gender are presented in Figure 6-2. Figure 6-2(a) shows the 
coefficient of each variable in models, illustrating the differences between boys and 
girls, e.g., girls had higher levels of β-HCH. Figure 6-2(b) presents the plot of 
observed vs. predicted values. However, based on the variables studied here, boys and 
girls could not be completely and correctly classified in the model (some observations 
are overlapped on X-axis, see Figure 6-2(b)), thereby implying the existence of other 
important explanatory variables. Variables which are statistically significant included 
only non-chemical exposure variables, i.e. ethnicity (Chinese and Malay), poultry 
consumption by the mother and the date of sample collected (Figure 6-2(a)). 
Nevertheless, interpretation of these data should be treated with caution as the results 
of regression and discriminant analyses only ascertain existing relationships between 
Y and X, but do not provide sufficient evidence for the underlying causal mechanism.  
 
Baby gender is determined by the presence of the X or Y sex chromosome of the 
sperm cell from the father, but female mammals may also have a direct influence on 
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sex determination of their offspring. Trivers and Willard (1973) proposed the 
hypothesis of “natural selection response to differential survival prospects” and 
suggested that mammalian mothers in good condition would derive a fitness 
advantage if they conceived and raised male offspring and vice versa. Grant (2007) 
further explained that the role of females in pre-determining the gender of their 
offspring was via fluctuations in the maternal follicular testosterone level which is 
highly responsive to environmental change. Regulation in hormone levels in females 
provides a physiological basis for the possibility of adaptive fluctuations in the 
primary sex ratio, e.g., with higher testosterone levels in mother, the chance of having 
male offspring is heightened. 
 
There is increasing evidence that exposure to contaminants could have profound 
effects on sex ratios, however, the investigations on sex determination remains 
speculative at present. While the mechanism of action is not entirely clear, it has been 
suggested that almost all POPs possess estrogenic, antiestrogenic and antiandrogenic 
effects (Crisp et al., 1998). The presence of endocrine disrupting chemicals in the 
form of POPs may alter the maternal hormone levels and consequently result in an 
atypical sex ratio. If the levels of POPs in cord blood determined in this study 
positively reflected the corresponding maternal contamination levels, which is the 
case in many other studies (Waliszewski et al., 2000; Covaci et al., 2002b; Mazdai et 
al., 2003; Jarrell et al., 2005), then trans-chlordane, p,p’-DDE, p,p’-DDT and PCB 
138 & 158 could be deemed as testosterone triggers which lead to a higher ratio of 
boys, while the effects of β-HCH and PCB 180 are opposite (see Figure 6-2(a)). This 
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difference among compounds may be because effects are chemical-specific, i.e., 
estrogenic or androgenic. However, offspring gender can also been influenced by 
paternal hormone levels which is also very likely to be affected by these endocrine 
disrupting compounds (James, 2006), and further studies are required to ascertain the 
impact of paternal characteristics on baby gender. 
 
Inferred from the hypothesis of  Trivers and Willard (1973), the effect of maternal age 
on the occurrence of female offspring could be explained by an attenuation in the 
levels of testosterone (or a decline in the physical condition) in older women. The 
ethnic difference on the sex ratio is intricate, and could be a result of dissimilarities in 
genotypes and maternal exposure. A significant decrease in the sex ratio along with 
sample collection date in the year was observed. Similar phenomena were noted in 
several temporal trend studies in North America (Weisskopf et al., 2003; Mackenzie 
et al., 2005; Smith and Von Behren, 2005). The reasons for this phenomenon could be 
omnifarious, but most probably due to a variation in the profile of endocrine 
disrupting compounds in the environment.  
 
Effects of maternal diet on offspring sex were observed in this study. It has been 
reported in animal studies that a diet high in saturated fats, but low in carbohydrate 
leads to the birth of significantly more male than female offspring in mature 
laboratory mice, whereas daughters predominate when calories are supplied mainly in 
the form of carbohydrate rather than fat (Rosenfeld and Roberts, 2004). However, the 
underlying mechanisms involved in gender selection are likely to be more complex. 
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Male fetuses were associated with an increased risk of preeclampsia (i.e. pregnancy-
induced hypertension) in this study, which appears to be in agreement with other 
reports (Hsu and Witter, 1994; Elsmén et al., 2006), and this antenatal complication 
could provide new insights into pathophysiological mechanisms associated with 
pregnancy related disorders. Fetal gender in return can affect the maternal subclinical 
immunological responses. In this study, women with GDM tended to deliver female 
offspring, which appeared to be consonant with the observation of  Knights and 
colleagues (2000).  
 
6.4 Conclusions 
In conclusion, all POPs analyzed were ubiquitous in cord blood samples collected in 
Singapore. Although, this is a preliminary study and the number of variables 
investigated was limited, by applying MVA techniques, the factors affecting neonatal 
parameters were successfully identified. Exposure of pregnant women to certain 
POPs (e.g. chlordanes and PCBs) may pose a threat to the fetus with adverse health 
consequences, which could be sentinels for fetal growth and development. An effect 
influence inherited from maternal side was also noted, including maternal height, 
weight, ethnicity, dietary habits, and lifestyle. Moreover, it is found that exposure to 
POPs may alter maternal hormone levels, which could regulate the sex of the fetus. 
Trans-chlordane, p,p’-DDE, p,p’-DDT and PCB 138 & 158 were speculated as 
testosterone triggers which lead to more baby boys, while the effects of β-HCH and 
PCB 180 were opposite. That of great concern is the importance of introducing 
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precautionary measures to eliminate or minimize unnecessary risk of POPs to the 
fetus, as fetal health predisposes it to susceptibility to adult diseases in later years. 
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CHAPTER 7 PERSISTENT ORGANIC POLLUTANTS 
IN BREAST MILK IN SINGAPORE: INFLUENTIAL 
FACTORS AND THE HEALTH RISKS OF INFANTS 
 
7.1 Introduction 
Breast milk provides newborns with essential nutrients and raw materials, including 
fat, protein, carbohydrate, water, amino acids, vitamins, and trace elements, for tissue 
growth and development. However, breast milk has also been shown to be an 
excretion route for a range of substances that might be harmful to the baby: POPs 
have been found ubiquitous in human breast milk (Laug et al., 1951; Ando et al., 
1985; Dewailly et al., 1996; Norén and Meironyté, 2000; Lorber and Phillips, 2002; 
Cajka and Hajslova, 2003; Bi et al., 2006; Chao et al., 2006; Tanabe and Kunisue, 
2007). Although most POPs have been banned for production and use in many 
countries since the1970s’, they are still frequently detected in human adipose tissues 
and milk due to their lipophilic nature and stability. These xenobiotics have an 
endocrine disrupting potential on humans and may interfere with neurodevelopment 
of children (Hallgren et al., 2001; Hallgren and Darnerud, 2002; Branchi et al., 2003; 
Schantz et al., 2003). 
 
Exposure to POPs during the early stage of human life is of great concern with regard 
to infants’ health as they are more vulnerable to these environmental contaminants. 
Breast milk, containing a relatively high lipid content (3% to 4%), is believed to be 
Chapter 7: Persistent Organic Pollutants in Breast Milk in Singapore:  
Influential Factors and the Health Risks of Infants 
 112
the main source of POPs for breastfed infants. In addition, as the tissues and organs of 
newborn infants are being developed at high levels, intake and absorption of 
contaminants per kilogram of body weight could be more than double that of adults, 
which impose higher risk of adverse effects (Van Oostdam et al., 1999). Knowledge 
of infants’ exposure to these contaminants via breastfeeding is essential for health risk 
assessment, particularly in Singapore where information is sparse. Furthermore, the 
factors affecting the depuration of contaminants in maternal milk remain unclear. 
Identification of critical variables would provide opportunities for prevention and 
minimization of human exposure to these harmful pollutants. 
 
This study was aimed to determine the prevailing levels of POPs in breast milk of 
Singapore women and evaluate the daily intake of these environmental pollutants by 
their infants via breastfeeding. Contents of POPs in corresponding maternal adipose 
tissue, and the maternal alimentary habits, age, parity, life style characteristics and 
many other parameters of the participants were also investigated to identify the 
factors which could potentially influence the concentrations of pollutants in breast 
milk.  
 
7.2 Sample Information 
Breast milk samples were obtained from 21 nursing mothers who were recruited in 
the cohort study on the perinatal exposure to POPs in Singapore during year 2006. 
Table 7-1 presents the summary of the information collected from the questionnaires 
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detailing the day of milk collection (defined as the elapsed days from the day of 
operation), maternal characteristics and newborn baby’s parameters.  
 
Table 7-1. Maternal and neonatal variables collected via questionnaires. 
 
Maternal variables Mean SD Median 
Age (yr) 30.4 4.9 31 
Height (m) 160 5.9 160 
Pre-pregnant weight (kg) 56.9 12 54 
Pre-delivery weight (kg) 73.3 14.1 70 
Weight Gain (kg) 16.4 6.38 14.1 
Pre-pregnant BMI (kg m-2) 22.2 4.43 20.8 
Pre-delivery BMI (kg m-2) 28.6 5 27.4 
Parity 0.67 0.8 1 
Fish (g week-1) 188 104 200 
Seafood (g week-1) 50 38.7 50 
Red meat (g week-1) 119 91.4 100 
Poultry (g week-1) 171 75 150 
Food 
consumption 
Milk (l week-1) 1.35 0.92 1.5 
 Category Frequency 
Percentage 
(%) 
Ethnicity Chinese 11 52.4 
 Indian 3 14.3 
 Malay 6 28.5 
 Others 1 4.76 
Occupation Housewife 18 85.7 
 Career woman  3 14.3 
Antenatal complication (GDM) Yes 6 (3) 28.6 (14.3) 
Preeclampsia Yes 1 4.76 
Previous breast-feeding  Yes 11 52.4 
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Alcohol Yes 1 4.76 
Tobacco Yes 1 4.76 
Neonatal variables Mean SD Median 
Gestational age (d) 270 6.06 271 
Baby head circumference (cm) 34 1.36 34 
Birth weight(g) 3140 487 3095 
Baby length(cm) 49.5 2.1 49.8 
Ponderal Index (g1/3 cm-1 *100) 29.6 0.8 30 
Apgar score at 1min 8.57 1.03 9 
Apgarscore at 5min  9 0 9 
 Category Frequency 
Percentage 
(%) 
Baby gender Male  11 52.4 
  Female 10 47.6 
 
7.3 Results and Discussion 
7.3.1 Levels of POPs in breast milk  
Relative standard deviations (RSDs) of the results from duplicate analysis were 
satisfactory, below 15% (i.e., from 0.6% to 15%) for all compounds measured. The 
concentrations of predominant POPs in breast milk samples are presented in Table 
7-2. Similar to the results of many other studies (Norén and Meironyté, 2000; Cajka 
and Hajslova, 2003; Sudaryanto et al., 2006; Szyrwinska and Lulek, 2007), p,p’-DDE 
was found to be the most ubiquitous (detected in 100% samples) and abundant (310 
ng g-1 lipid weight at median concentration) in human breast milk. This was followed 
by β-HCH which was also detected in all samples with a median level of 64.7 ng g-1 
lipid weight. The sum of PCBs (36.7 ng g-1 lipid weight) was one order of magnitude 
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lower than that of OCPs (488 ng g-1 lipid weight) at the median level. The sum of 
seven PBDE congeners (3.29 ng g-1 lipid weight) was found to be the least abundant 
among three groups of POPs, despite their substantial annual production worldwide in 
the last few decades (de Wit, 2002). Relatively poor stabilities may account for short 
half-lives of PBDE congeners in the environment and human compartments. 
 
Table 7-2. Concentrations (ng g-1 lipid weight) of predominant POPs in human 
breast milk samples (n=21) from Singapore. 
 




β-HCH 0.3 1230 64.7 196 338 21 60.4 
trans-
chlordane  
<LOD 0.96 0.1 0.17 0.22 17 <LOD 
cis-chlordane  <LOD 0.74 0.03 0.1 0.18 11 0.17 
p,p'-DDE  87.1 1250 310 394 327 21 387 
p,p'-DDD  1.22 12.5 2.85 4.11 3.09 21 4.54 
p,p'-DDT  <LOD 59.2 14.2 15.9 13.9 19 15.8 
∑HCHs 0.3 1230 66.2 196 338 21 60.4 
∑Chlordanes <LOD 1.7 0.16 0.27 0.38 18 0.27 
∑DDTs 97.9 1300 344 414 336 21 419 
PCB 28 & 31 <LOD 1.93 0.37 0.5 0.47 19 0.5 
PCB 49 <LOD 0.56 0.03 0.11 0.17 11 <LOD 
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PCB 74 0.3 4.96 0.84 1.22 1.03 21 1.49 
PCB 70 <LOD 1.92 0.35 0.53 0.49 20 <LOD 
PCB 95 <LOD 0.35 0.12 0.11 0.08 18 <LOD 
PCB 101 <LOD 0.35 0.12 0.15 0.1 20 0.111 
PCB 99 0.39 4.7 1.19 1.43 0.92 21 1.66 
PCB 110 <LOD 0.35 0.04 0.08 0.1 13 <LOD 
PCB 118 0.52 9.44 2.51 3.16 2.06 21 3.74 
PCB 105 <LOD 4.52 0.78 1.35 1.27 20 0.9 
PCB 151 <LOD 0.28 0.06 0.08 0.09 13 <LOD 
PCB 149 <LOD 0.23 0.08 0.09 0.08 14 <LOD 
PCB 132 & 
153 
2.4 26.6 7.97 10.4 6.82 21 13.3 
PCB 138 & 
158 
2.03 21.5 6.84 8.4 5.16 21 11 
PCB 128 <LOD 0.82 0.12 0.21 0.24 16 <LOD 
PCB 156 <LOD 3.16 0.81 0.99 0.8 20 0.96 
PCB 187 0.27 5.45 1.29 1.7 1.33 21 3.04 
PCB 183 0.12 1.55 0.49 0.63 0.4 21 1.13 
PCB 177 <LOD 1.41 0.44 0.58 0.4 20 0.86 
PCB 171 <LOD 0.82 0.17 0.24 0.22 17 0.43 
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PCB 180 0.68 16.3 3.34 4.95 3.88 21 7.7 
PCB 191 <LOD 0.29 0.03 0.07 0.09 12 <LOD 
PCB 170 <LOD 8.5 1.63 2.8 2.45 20 3.04 
PCB 201 <LOD 2.82 0.59 0.82 0.76 18 1.37 
PCB 194 <LOD 1.84 0.28 0.61 0.6 16 0.87 
PBDE 28 <LOD 1.67 0.12 0.24 0.36 18 0.09 
PBDE 47 <LOD 90.6 1.42 6.89 19.4 18 1 
PBDE 100 <LOD 22.2 0.38 1.71 4.83 19 0.27 
PBDE 99 <LOD 31 0.36 3.48 8.34 16 0.35 
PBDE 154 <LOD 4.66 0.04 0.37 1.04 17 0.04 
PBDE 153 0.08 12.3 0.44 1.78 3.35 21 0.81 
PBDE 183 <LOD 0.35 <LOD 0.06 0.11 9 0.11 
∑OCPs 105 2420 474 611 572 21 546 
∑PCBs 10.5 94.5 36.7 41.7 25.6 21 52.5 
∑PBDEs 0.34 153 3.29 14.5 34.6 21 3 
 
Table 7-3 lists the prevailing levels of POP in the breast milk of this study and 
recently reported data from other countries for worldwide comparison. Malaysia and 
Indonesia are two neighboring countries of Singapore, and the contamination levels 
are comparable among the three countries, except for a much lower level of HCHs in 
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Indonesia. HCHs were never registered for use in Indonesia (Sudaryanto et al., 2006); 
in contrast, Lindane (γ-HCH) was partially banned but permitted for use in palm oil 
and coconut plantations in Malaysia (Sudaryanto et al., 2005). As β-HCH is the main 
biodegradation production of Lindane, it is likely to observe high levels of this 
compound in Malaysia. Lindane is not used in Singapore, but due to mainly relying 
on the import of agriculture produce from other countries, Singapore may be 
contaminated with pesticides which are still in use in the exporting countries. The 
sum of chlordanes was low in Singapore compared with the other two countries, 
which is probably because oxy-chlordane and nonachlors, the most persistent and 
major metabolite of chlordane, were not analyzed in this study. In some cases, trans-
nonachlor and oxy-chlordane account for more than 90% of the chlordane residues 
found in human milk samples (Newsome and Ryan, 1999), but further study is 
needed for a comprehensive evaluation of the chlordane-related compounds in human 
tissues and fluids in Singapore. Hong Kong, Japan and Taiwan, which are also 
located in Asia, exhibited different contamination profiles of POPs. This may be 
attributed to the dissimilarities in previous/present use of these organohalogen 
products among countries, as well as different life-styles which may result in 
variations in the accumulation of POPs in the human body. POP profiles in human 
breast milk from many European countries also show considerable variation. The 
large differences in terms of sample analysis protocol, sample size, year of survey, 
and target compounds in different studies lead to difficulties in worldwide 
comparison. However, high levels highlight the need for precautions to protect infant 
health. 
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Table 7-3. Comparison of levels of POPs in breast milk from different countries (ng g-1 lipid weight). 
 
Country/City (sample 
 size, survey year) 
Statistics  ∑HCHs ∑Chlordanes ∑DDTs ∑PCBs ∑PBDEs Reference  
Range 0.3-1230 <LOD-1.7 97.9-1300 10.5-94.5 0.34-153 
Mean 196 0.27 414 41.7 14.5 
Singapore (n=21, 2006) 
Median  66.2 0.16 344 36.7 3.29 
This study 
Hong Kong (n=26,  
1999-2000) a 
Mean 1011  3270 74  (Poon et al., 2005) 
Lampung, Indonesia  
(n=6, 2003) b 
Median 5.5 2.3 910 25  (Sudaryanto et al., 2006) 
Japan (n=89, 2005) c Median    65 1.54 (Inoue et al., 2006)  
Malaysia (n=17, 2003) d Range  27-1000 8.2-54 180-5700 23-450  (Sudaryanto et al., 2005) 
Poland (n=13, 2003) e Median 18.2  1123 90.3  (Szyrwinska and Lulek, 2007) 
Sweden (n=93,  
1996-1999) f 
Median     3.15  (Lind et al., 2003) 
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Sweden (n=40, 1997) f NA    324  (Norén and Meironyté, 2000) 
Taiwan (n=36,  
2000-2001) g 
Median 2.2 7.4 228 55.7 (n=30)  (Chao et al., 2003; Chao et al., 
2006) 
UK (n=54, 2001-2003) h Median  18  160 180 6.3 (Kalantzi et al., 2004) 
a: ∑HCHs included α-HCH, β-HCH, γ-HCH, δ-HCH; ∑DDTs included p,p’-DDE, p,p’-DDD, and p,p’-DDT; ∑PCBs included 
congeners in Aroclor 1242, 1254 and 1260. 
b: ∑HCHs included α-HCH, β-HCH, γ-HCH, δ-HCH; ∑Chlordanes included oxy-chlordane, cis-chlordane, trans-nonachlor, and cis-
nonachlor; ∑DDTs included p,p’-DDE, p,p’-DDD, and p,p’-DDT; ∑PCBs included 62 congeners. 
c: ∑PCBs included congeners 74, 99, 118, 138, 146, 153, 156, 163/164, 170, 180, 182/187, 194, 199, 206, and 209; ∑PBDEs included 
congeners 15, 28, 47, 99, 100, 153, 154, 183, 196, 197, 206, 207, and 209. 
d: ∑HCHs included α-HCH, β-HCH, γ-HCH, δ-HCH; ∑Chlordanes included oxy-chlordane, cis-chlordane, trans-chlordane; ∑DDTs 
included p,p’-DDE, p,p’-DDD, and p,p’-DDT; ∑PCBs included congeners 77, 81, 126, 169, 105, 114, 118, 123, 156, 157, 167, 189. 
e: ∑HCHs included α-HCH, β-HCH, γ-HCH, δ-HCH; ∑DDTs included p,p’-DDE, p,p’-DDD, and p,p’-DDT; ∑PCBs included 
congeners 28, 52, 101, 118, 138, 153, 180. 
f: ; ∑PCBs included congeners 28, 52, 101, 105, 114, 118, 138, 153, 156, 157, 167, 170/190, 180; ∑PBDEs included congeners 47, 99, 
100, 153, 154. 
g: ∑HCHs included α-HCH, β-HCH, γ-HCH, δ-HCH; ∑Chlordanes included cis-chlordane; ∑DDTs included p,p’-DDE and p,p’-DDT; 
∑PCBs included congeners 28, 52, 101, 138, 153, 180. 
h: ∑HCHs included α-HCH, β-HCH, γ-HCH, δ-HCH; ∑Chlordanes included cis-chlordane, trans-chlordane; ∑DDTs included o,p´- 
DDD, p,p´-DDD, o,p´-DDE, p,p´-DDE, o,p´-DDT, and p,p´-DDT; ∑PCBs included congeners 18, 22, 28, 31,41/64, 44, 49, 52, 54, 
60/56, 70, 74, 87, 90/101, 95, 99, 104, 105, 110, 114, 118, 123, 132, 138, 141, 149, 151, 153, 155, 156, 157, 158, 167, 170, 174, 180, 
183, 187, 188, 189, 194, 199, 203; ∑PBDEs included congeners 17, 28, 32, 35, 37, 47, 49, 71, 75, 85, 99, 100, 119, 153, and 154. 
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7.3.2 Results of the partial least-squares regression analysis  
PLSR was performed to identify the factors which influenced the concentrations of 
some contaminants in breast milk. The prevailing levels of POPs in maternal adipose 
tissue samples were expected to have close correlations with concentrations in breast 
milk, and were thus considered with other maternal and fetal characteristics for factor 
exploration. Tissue samples were collected during the cesarean operation and may 
have slightly different residue levels of POPs compared with those at the time of milk 
collection. However, considering the poor mobilization of fatty tissue and great 
stability of POPs, it is assumed that the concentrations of POPs in adipose tissue did 
not change significantly and represented current contamination levels. Table 7-4 
summarizes the parameters of PLSR models and the implicated variables which 
significantly affected the concentrations of POPs in breast milk. Significant variables 
were defined as ones with a VIP (variable importance) larger than 0.5, and 
statistically significant at an α-level of 5% (Tan et al., 2008).  
 
From the models (see Table 7-4), it is observed that, for most of POPs, residues in 
maternal adipose tissue were the most important predictor for contamination levels in 
breast milk, indicating a strong correlation between two matrices. The amount of 
various food types consumed by mothers also had an impact on the concentrations of 
POPs in breast milk. In addition, several other factors were implicated in the models 
as predictors, including maternal age, breastfeeding experience, parity, and ethnicity. 
Good models were achieved for compounds including β-HCH, p,p’-DDE, and several 
PCB congeners. This suggests that excretion of these environmental toxins to breast 
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milk is predictable based on the information presented. However, residue variations 
of other pesticides and PBDE congeners in breast milk could not be well explained, 
and this may be attributed to the relative instability of these compounds causing large 
variance between individuals with respect to detoxification and exposure routes. 
 
7.3.3 Factors affecting the transfer of POPs to breast milk  
The strong correlations of POP tissue residues and the prevailing levels in breast milk 
suggest maternal adipose tissue is the major contributor of POPs in breast milk. Milk 
and adipose tissue both have a high content of lipids mainly in the form of 
triacylglycerol (TAG). Lipids in breast milk can be derived from esterification of fatty 
acids from either hydrolysis of TAGs stored in adipose tissue or chylomicrons in 
maternal blood, or from de nova biosynthesis in mammary glands (Del Prado et al., 
1999). POPs, which are highly lipophilic, are excreted along with the mobilization of 
maternal fats to breast milk. This explains the strong associations between the 
residues in adipose tissue and the prevailing levels of POPs in breast milk.  
 
Moreover, lipids in breast milk also can be synthesized in mammary glands and take 
up substances from exogenous sources. In the cells of the small intestine, 
chylomicrons are synthesized utilizing fatty acids from dietary ingredients. Mothers 
consuming food contaminated by POPs then would transfer the environmental toxins 
to their infants via breastfeeding. Therefore, the composition of breast milk is subject 
to change owing to the variations in mother's diet and maternal energy balance 
(Prentice et al., 1989; Prentice and Prentice, 1995). It is noted in the models that 
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consumption of various food types by the mother was an important determinant in 
residue levels of contaminants in breast milk. Specifically, more seafood and fish 
ingestion decreased the concentration of POPs, including cis-chlordane, PCB 118, 
and several PBDE congeners in breast milk (as shown in Table 7-4). This seems 
contradictory to the fact that aquatic foodstuffs are the main source of POPs to the 
human body. Animal studies have demonstrated that a high-fat (i.e. triolein) intake in 
the diet results in elevated amounts of plasma triglyceride, and greater transference of 
these lipids to the mammary glands where the synthesis of breast milk fat takes place 
(Del Prado et al., 1999). Fish and seafood contains comparatively high levels of 
polyunsaturated fatty acids (PUFAs), e.g., Omega-3 fatty acid which are constituents 
of brain and neural tissue and are essential in early life for mental and visual 
development (Ballabriga, 1994). Consumption of fish and seafood probably triggers 
the extraction of fats from these foods with subsequent lipid secretion in breast milk. 
As the levels of POPs are generally lower in low trophic level organisms (i.e. aquatic 
organisms) than their predators (i.e. humans), it is possible to observe transiently 
decreased levels of contaminants in breast milk. Nevertheless, an increased red meat 
and poultry intake was associated with elevated levels of PCB 28 & 31 and 118 in 
breast milk. Animal fat contains some cholesterol and saturated fat which may tend to 
deposit as adipose tissue once ingested by humans, rather than be eliminated via 
breast milk. Another food item of importance in the model is milk consumption by 
mothers. However, as the fat content of milk consumed was not specified in the 
survey, it is difficult to make any clear deductions 
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The age of mothers was positively related to the levels of cis-chlordane and PCB 
congeners in breast milk, which agrees with the results of many other studies (Albers 
et al., 1996; Czaja et al., 1999; Minh et al., 2004; Sudaryanto et al., 2005; Tanabe and 
Kunisue, 2007). This may be attributed to an age-dependent accumulation of these 
compounds in maternal tissues, which subsequently elevated the levels in breast milk.  
Previous breastfeeding experience and parity did affect the concentrations of some 
POPs (i.e. PCB 28 & 31and PBDE 99) in breast milk. A decreased level of PBDE 99 
was noted in breast milk of mothers with breastfeeding experience as well as in 
multiparas. This is probably due to the elimination of contaminants in maternal 
tissues during lactation and pregnancy, which has been validated by many other 
researchers (Duarte-Davidson and Jones, 1994; Harris et al., 2001; Tanabe and 
Kunisue, 2007).  
 
However, PCB 28 & 32 were higher in mothers with previous breastfeeding 
experience. PCB 28 & 32 were very unique, as shown in the model, where residue 
level in adipose tissue is not a determinant for the level in breast milk. This suggests 
that the major contributor of this tri-chlorinated PCB in breast milk is from maternal 
serum instead of adipose tissue due to its relatively weaker affinity to lipids compared 
to other hydrophobic compounds. The content of chemicals in maternal serum is more 
easily affected by the food consumed in the near term, and therefore this elevation of 
PCB 28 & 32 may be merely incidental.  
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The profile of POPs present in breast milk also differed significantly among ethnic 
groups. For most of the compounds, levels were lower in Indian and Malay mothers, 
but higher in Chinese, which could be attributed to their differences in life-style, e.g., 
alimentary habits.  
 
Body mass index (BMI) of mother is an indicator for the obesity of a person. The 
positive correlations were observed between some POPs (e.g. PCB 180 and PBDEs) 
and BMI values of mother before and after pregnancy (abbreviated as ‘PRB’ and 
‘POB’ in Table 7-4). This could be due to the dilute effect caused by more adipose 
tissue being synthesized by mother but intake of POPs being constant. But the 
opposite relationships were found for p,p’-DDD and p,p’-DDT, and the reason 
remains obscure.   
 
The gestational age, baby gender, Apgar score, and antenatal complication of mother 
were also explanatory variables for level of POPs in breast milk. These variables are 
most likely related to the changes in the physical condition and/or hormone levels 
during pregnancy for mothers. However, the underling mechanism is complex, and 
further investigation is needed. Temporal trends in the contamination levels of breast 
milk could not be evaluated due to lack of historical data in Singapore. Nevertheless, 
a slight increase was observed in the levels of PCB 138 & 158, 132 & 153 within a 
one-year interval in year 2006. This fluctuation cannot be regarded as a temporal 
change, and future studies are required. 
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Efforts have been made to understand the variations in the levels of environmental 
chemicals in breast milk during the lactation period to evaluate the exposure of 
breastfed infants and to performing health risk assessment (LaKind et al., 2001; 
Hooper et al., 2007). It is speculated that residues of these contaminants in breast milk 
were time-dependent as they would decrease over the duration of lactation due to the 
depletion of these chemicals in maternal storage. However, findings from various 
studies are inconsistent and elimination kinetics remain obscure (Harris et al., 2001; 
LaKind et al., 2001). This is probably because most studies neglected the fact that 
maternal storage (e.g. adipose tissue) of POPs is not the exclusive source of POPs in 
breast milk, where the secretion pathway of lipids in breast milk is far more complex. 
Food types ingested by nursing mothers are diverse among individuals and have a 
great impact on the lipid excretion, as well as the prevailing levels of contaminants, in 
breast milk. Moreover, the breastfeeding ways (i.e. exclusive or mixed feeding) also 
influence the depuration rate of POPs. In the view of all the factors mentioned above, 
a more systematic study is required in order to determine the depuration kinetics of 
contaminants from maternal tissues.  
Chapter 7: Persistent Organic Pollutants in Breast Milk in Singapore:  
Influential Factors and the Health Risks of Infants 
 127





R2X R2Y Q2 Intercept Significant variables on first component (coefficient) a 
β-HCH 1 0.23 0.76 0.5 0.26 AT (0.25) AGE (0.16) MIL (0.1) GES (-0.01)    
trans-chlordane 1 0.22 0.42 0.16 -1.65 SEA (-0.19) AC (0.15)      
cis-chlordane 1 0.17 0.6 0.26 -1.97 AGE (0.22) A1(-0.17) MA (-0.18)     
p,p'-DDE 3 0.82 0.91 0.8 7.2 AT (0.47) CH (0.19) MA (-0.19)     
p,p'-DDD 1 0.33 0.5 0.3 0.81 AT (0.33) PRB (0.13) POB (0.16)     
p,p'-DDT 1 0.14 0.63 0.17 0.18 AT (0.33) PRB (0.11) POB (0.09) GDM(0.14)    
PCB 28 & 31 1 0.29 0.42 0.21 -0.83 POU (0.06) MIL (-0.14) PB (0.13) MA (0.11)    
PCB 118 1 0.23 0.65 0.43 1.48 AT (0.29) FIS (-0.12) RM (0.17) POU (0.11)    
PCB 138 & 158 1 0.19 0.72 0.51 3.33 AT (0.28) TIM (0.11) AGE (0.1) IN (-0.17) GDM (-0.12)   
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PCB 132 & 153 1 0.19 0.73 0.53 3.25 AT (0.26) TIM (0.12) AGE (0.1) RM (0.14) CH (0.09) IN (-0.16) GDM (-0.12) 
PCB 180 2 0.59 0.84 0.72 1.5 AT (0.4) WG (-0.25) POB (-0.27) GES (-0.16) IN (-0.2)   
PBDE 28 1 0.36 0.62 0.21 -1.22 AT (0.24) FIS (-0.22) BG (0.13)     
PBDE 47 1 0.21 0.68 0.29 -0.1 AT (0.2) POB (-0.08) FIS (-0.17) MA (-0.14)    
PBDE 100 1 0.22 0.68 0.2 -0.55 AT (0.24) POB (-0.1) FIS (-0.2) MA (-0.14)    
PBDE 99 1 0.16 0.73 0.38 -0.5 WG (0.05) PRB (-0.12) POB (-0.1) PAR (-0.13) PB (-0.14) CH (0.1) MA (-0.19) 
PBDE 154 1 0.19 0.64 0.12 -1.45 PRB (-0.12) POB (-0.13) FIS (-0.18 GES (0.12) PI (0.07) MA (-0.22)  
PBDE 153 1 0.16 0.64 0.19 -0.33 PRB (-0.14) POB (-0.16) GES (0.12) AC (-0.08) IN (-0.11)   
a: abbreviation of all variables investigated: A1: Apgar score at 1 min; A5: Apgar score at 5 min; AC: antenatal complication; AT: the 
residue level in maternal adipose tissue; BG: baby gender; BHC: baby head circumference; BW: birth weight of infant; CH: Chinese; 
DC: day of collection; FIS: amount of fish consumed by mother; GES: gestational age; HEI: height of mother; IN: Indian; LEN: 
length of infant; MA: Malay; MIL: amount of milk consumed by mother; OCC: occupation of mother; PAR: parity; PB: previous 
breast-feeding; PE: preeclampsia; PI: ponderal index; POB: post-pregnancy BMI; POU: amount of poultry consumed by mother; 
POW: post-pregnancy weight; PRB: pre-pregnancy BMI; PRW: pre-pregnancy weight; RM: amount of red meat consumed by 
mother; SEA: amount of seafood consumed by mother; TIM: date of sample collection; WG: maternal weight gained during 
pregnancy. 
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7.3.4 Health risk of breastfed infants  
Daily intake of contaminants by infants (range and median levels) was estimated by 
incorporating the levels of POPs in breast milk and based on the assumption of 
exclusive breastfeeding. The results are presented in Table 7-5. By assuming an 
average milk consumption for a 5-kg infant of 700 g day-1 (Van Oostdam et al., 1999), 
the values of estimated daily intake (EDI) of POPs were calculated using the 
following equation:  
 
EDI= Cmilk ×700g ×Clipid/5,  
 
where EDI is daily intake (μg kg-1 body weight per day); Cmilk  is concentration of 
pollutant in milk (μg g-1 lipid weight); Clipid is lipid content in milk (estimated as 3%). 
EDI values in this study were then compared with the tolerable daily intake (TDI) 
values  proposed by the Health Canada (Van Oostdam et al., 1999). It is observed that 
some individuals had levels of ∑HCHs close to, or above, the threshold for adverse 
effects (see Table 7-5) which should raise concern with regard to the infant’s health. 
Other compounds are safe according to the guidelines. However, others including 
some components of chlordane and PCB congeners (i.e. oxy-chlordane, nonachlors, 
and dioxin-like PCBs) were not analyzed in this study, which may lead to an 
underestimation of infant exposure.  
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Table 7-5. Estimated daily intake (EDI) of contaminants in Singapore (μg kg-1 per day). 
 
 Min  Max Median ADI/TDI proposed by Health Canada (Van 
Oostdam et al., 1999) 
∑HCHs 0.001 5.18 0.28 0.3 (∑α-HCH, β-HCH, γ-HCH, δ-HCH) 
∑Chlordanes <LOD 0.007 0.66e-3 0.05 (∑cis-chlordane, oxy-chlordane, trans-
chlordane, cis-nonachlor, trans-nonachlor) 
∑DDTs 0.41 5.44 1.45 20 (∑DDT metabolites) 
∑PCBs 0.04 0.4 0.15 1.0 (including planar PCBs) 
∑PBDEs 0.01 0.65 0.014 1000 (lowest-observed-adverse-effect level 
(LOAEL) value proposed by Darnerud et al. 
(2001)) 
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7.4 Conclusions 
Similar to the profile of POPs in maternal adipose, p,p’-DDE was found in breast 
milk the most abundant POP, followed by β-HCH, and PBDEs. In addition, models 
were constructed by PLSR for identification of influential factors on the depuration of 
POPs via breast milk. For most of the contaminants, the residues in maternal adipose 
tissue were the most important predictor of the prevailing levels in breast milk. In 
addition, maternal dietary intake was also an important determinant of the POP 
contents in breast milk. Specifically, it was found that an increased amount of fish 
and seafood consumption by mothers reduced the concentrations of POPs in breast 
milk, whereas red meat had an opposite effect. Several other parameters were also 
related to the levels of POPs in breast milk, including age of the mother, previous 
breastfeeding experience and parity, where lactation and gestation are suggested as 
two decontamination pathways for the maternal body burden of POPs. Future studies 
should aim to yield a more accurate prediction of the infants’ exposure to these 
pollutants during the whole breastfeeding period, and the elimination kinetics of 
POPs from maternal breast milk could be more accurately predicted. 
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CHAPTER 8 PERSISTENT ORGANIC POLLUTANTS 
IN HOUSE DUST IN SINGAPORE AND THE HEALTH 
RISKS 
 
8.1 Introduction  
PBDEs have been added to a variety of products to suppress fire, including furniture, 
TV sets, stereos, computers circuit boards and casings, foams and upholstery. Due to 
concerns over potential toxicological effects in humans, penta- and octa-PBDE 
mixtures have been banned in several countries of the European Union, and 
California will follow suite in 2008 (NRDC, 2005). In Asia, the demand for PBDEs 
has been increasing rapidly, and all PBDEs commercial mixtures are used without 
regulation. The estimated global use of PBDEs in 2001 reached 67 thousand metric 
tons (Table 8-1), of which Asia accounted for 37% of the demand (BSEF, 2003). As 
PBDEs have been widely added to products which are predominantly used indoors, 
exposure to PBDEs in the indoor environment is of escalating concern (Shoeib et al., 
2004).  
Table 8-1. Total market demand by region in 2001 in metric tons (BSEF, 2003). 
 
    Americas       Europe      Asia    Rest of the World Total 
Deca-BDE 24,500 7,600 23,000 1,050 56,150 
Octa-BDE 1,500 610 1,500 180 3,790 
Penta-BDE 7,100 150 150 100 7,500 
Total 33,100 8,360 24,650 1,330 67,440 
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POPs can be released to the environment via leaching from landfills, previously 
contaminated soils and sediments or obsolete stockpiles. Moreover, OCPs and PCBs 
are readily transferred across regional boundaries via atmospheric transportation and 
deposition processes (Iwata et al., 1993) and migrate into the residential environment 
via airborne particles or particulates deposited on clothing and miscellaneous items. 
Therefore, the possibility of long-term contamination of PCBs in the indoor 
environment remains. 
 
POPs in the indoor environment are considered more persistent than outdoors since 
they are less likely subject to degradation conditions such as sunlight, extreme 
temperature and microbial activity (Lewis et al., 1994). Elevated levels of PCBs in 
indoor air relative to outdoor air have been documented (Currado and Harrad, 1998; 
Vorhees et al., 1999; Schwenk et al., 2002; Liebl et al., 2004). Moreover, people 
spend most of their time indoors, and thus the internal environment is a particularly 
important source of human exposure. House dust, which serves as a reservoir of these 
contaminants, can be readily used as a marker to evaluate potential residential 
exposure to those contaminants. This is an especially important exposure pathway for 
young children who are continuously exposed to these harmful chemicals, possibly 
via inhalation, ingestion or direct skin contact of house dust (Butte and Heinzow, 
2002).  
 
Due to the paucity of data for levels of BFRs in environmental media in Asia, this 
study was undertaken to ascertain prevailing of PBDEs in residential house dust in 
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Singapore. Meanwhile, the levels of selected organochlorine pesticides and PCBs in 
dust samples were determined. Measured concentrations were compared with 
available international datasets, and correlated with residential characteristics to 
identify potential risk factors for the residential contamination levels. Moreover, a 
comprehensive assessment of human exposure to those contaminants in Singapore 
was performed based on available datasets, followed by comparisons of the values 
with benchmark levels proposed by authorities or researchers. All possible pathways 
were considered including consumption of various foods, inhalation of polluted air, 
and ingestion of house dust.  
 
Part of the data presented in this chapter have been published in Chemosphere (Tan et 
al., 2007b, a). 
 
8.2 Materials and Methods 
8.2.1 Sample collection 
House dust samples were collected from 31 homes on the main island of Singapore 
during the year 2005. A total of 0.5 to 1g dust was collected from the filters of air 
conditioning units (ACUs) or the blades of ceiling fans using a small pair of solvent 
(n-hexane) rinsed steel tweezers. That these sites were chosen for sampling is because 
when an ACU or fan works, it creates a low pressure area, similar to a vacuum, which 
will attract particles from all over the room to form a homogenized dust which can 
represent the actual contamination level. Moreover, this kind of dust is derived from 
the ambient air and comprises particles, which can be readily inhaled into the human 
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respiratory tract or be ingested into the gastrointestinal tract via hand-to-mouth 
contact. Dust samples were stored in hexane pre-washed aluminum foil, and frozen at 
-70°C prior to analysis. Residence characteristics including dust sample source (i.e. 
ACU filters or fan blades), floor area, number of computers/televisions and type of 
flooring were documented at the time of sample collection. This information is 
summarized in Table 8-2.  
 
Table 8-2. Information collected via questionnaires on house dust samples 






Total no. of 












1 ACU 2 - 2005 0 CT 
2 Fan 2 30 - 2 CT 
3 ACU 2 25 1999 7 CT 
4 Fan 0 25 - 3 CT 
5 Fan 1 38 - 2 CT 
6 Fan 4 - - 9 M 
7 ACU 1 25 2000 9 CT 
8 Both 0 15 2005 9 M 
9 Fan 1 20 - 3 W 
10 ACU 2 15 2005 3 C 
11 Fan 2 - 2003 3 CT 
12 ACU 3 16 1998 1 W 
13 Fan 1 10 - 3 CT 
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14 ACU 1 - - 2 M 
15 Fan 0 6 2005 - CT 
16 Fan 2 103 - 2 M 
17 Fan 2 - 2000 1 CT 
18 Fan 2 - 2002 2 CT 
19 Fan 2 64 - 9 CT 
20 Fan 1 20 - - W 
21 - 1 15 2000 6 CT 
22 Fan 2 25 - 3 M 
23 Fan 0 20 - 18 CT 
24 ACU 1 25 - 1 CT 
25 Fan 2 15 - 12 CT 
26 ACU 2 150 - 1 W 
27 ACU 0 52 - 6 CT 
28 ACU 3 45 2003 6 CT 
29 ACU 0 - - 6 CT 
30 Fan 1 15.38 - 2 W 
31 Fan 0 22 - 2 CT 
a: Flooring type: CT (ceramic tiles), M(marble), W(wood), C(carpet). 
 
8.2.2 Materials 
Chemicals and reagents used were the same as those listed in Chapter 3, except an 
additional PBDE 209 standard which was obtained from Accustandard (New Haven, 
CT, USA), and the corresponding 13carbon-labeled congener from Cambridge Isotope 
Laboratories (Andover, MA, USA).  
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8.2.3 Chemical analysis 
Approximately 0.2 g of house dust was spiked with recovery standards and extracted 
with 25 ml of n-hexane: DCM (1: 1, v: v) in the presence of 2 g of sodium sulfate 
using MAE machine. Interfering materials in the extracts were degraded and removed 
on an acidified silica gel and GPC. POPs were quantified by GC-MS, and the 
procedure for chemical analysis has been presented in Chapter 3. For PBDE 209, a 
shorter column--15 meters DB-5ms capillary column (0.25 mm internal diameter, 
0.10 μm film thickness) was used, with an oven program of: 80°C held for 1 min, 
15°C min-1 to 300°C held for 13 min (Jakobsson et al., 2002). The detector was 
operated in negative chemical ionization (NCI) mode with selected ion monitoring 
(SIM). All PBDEs were quantified by monitoring ions 79 and 81, with the exception 
of PBDE 209, where 485 and 487 were used. Analyte quantification was performed 
using a five-point linear calibration (r>0.999) with diluted standards.  
 
8.2.4 Quality assurance/ Quality control 
No certified standard reference materials were available for house dust analysis at the 
commencement of this investigation. Therefore, MAE and SE were performed to 
compare the extraction efficiencies and to validate the analytical procedure of MAE. 
Method performance was also evaluated using self-spiked samples (sodium sulfate 
granules spiked with native PBDEs). Duplicate analysis of real samples was 
conducted to assess the precision of the MAE method. Relative standard deviations 
(RSDs) were below 30% (i.e. from 0.4% to 26%) for all congeners with the exception 
of PBDE 209, which was 32%. For PBDE 209, 13carbon-labeled PBDE209 was used 
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as the internal standard. Recoveries of these recovery standards ranged from 71 to 
130%, and sample values were not recovery corrected. LOD varied from 0.02 (PBDE 
154) to 40 ng g-1 dust weight (PBDE 209).  
 
8.2.5 Statistical analysis 
Data analyses were performed using MINITAB 14.2 software (Minitab Inc., USA). 
Hypothesis testing was performed using the Mann-Whitney U test or the Kruskal-
wallis test with a significance level of 0.05. Spearman’s rank correlation coefficient 
(rs) was used to measure the relationship between two parameters as data are not 
normally distributed. All statistical analyses and graphic displays of the levels of 
POPs in individual samples treated values below LOD as being half of LOD.  
 
8.3 Results and Discussion 
8.3.1 Levels of PBDEs in the house dust  
PBDEs were detected in all dust samples collected in this study (as shown in Table 8-
3). Total PBDE concentrations in the samples varied from a minimum of 110 to13000 
ng g-1 dust. The most abundant PBDE congener was PBDE 209 with a median value 
of 1000 ng g-1 dust which contributed 88% to the total PBDEs at the median level. 
Although PBDE 209 is known to be more readily degraded in the environment and 
has a lower bioavailability than other congeners (Schecter et al., 2005), the high 
levels are expected as deca-formula comprising 97% PBDE is most extensively used, 
and PBDE 209 is less volatile and more firmly bound to particles rather than in gas 
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phase. The second most abundant congener in house dust was PBDE 99, which 
differs from the dominant congener (i.e. PBDE 47) reported for human adipose 
tissues  (Li et al., 2005c) and green mussels (Bayen et al., 2003b) in Singapore. The 
most frequently detected were PBDE 183 and 209, which were found in all the tested 
samples. Even though it was not detected at high concentration, the ubiquitous 
presence of PBDE 183 indicated the prevalent use of the octa-PBDE mixture as a 
flame retardant. 
 
Table 8-3. Summary of PBDE concentrations in 31 house dust samples (ng g-1 
dust). 
 
 Range  Median  Mean  SD n>LOD 
PBDE 28 <LOD-5.8 0.6 1.2 1.3 24 
PBDE 47 <LOD-1500 20 110 290 25 
PBDE 100 <LOD-1200 4.2 65 230 25 
PBDE 99 <LOD-6300 24 340 1200 27 
PBDE 154 <LOD-960 3.5 43 170 28 
PBDE 153 <LOD-1400 6.9 76 260 30 
PBDE 183 1.5-180 8.5 18 35 31 
PBDE 209 68-13000 1000 2200 3300 31 
∑PBDE 110-13000 1200 2900 3900  
∑PBDE  without 209 11-12000 98 660 2100  
 
High and positive Spearman’s rank correlation coefficients (rs) were found among the 
concentration of PBDE congeners measured, with the exception of PBDE 209 (Table 
8-4), and this is consistent with the findings of a study in Canada (Wilford et al., 
2005). The strong correlations among lower brominated congeners indicate their 
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common source and similar environmental behavior. The particularly high rs values 
between PBDE 47 and other lower brominated congeners suggests that PBDE 47 can 
be readily used as an indicator to evaluate lower brominated PBDE congeners.  
 



















PBDE 47 0.599a        
PBDE 100 0.504 0.876       
PBDE 99 0.598     0.927 0.879      
PBDE 154 0.421     0.762 0.893 0.780     
PBDE 153 0.226     0.525 0.624 0.560 0.704    
PBDE 183 0.376     0.643 0.459 0.650 0.410 0.382   
PBDE 209 0.045 0.132 0.063 0.213 0.025 0.085 0.191  
a: Values in bold are significantly different from 0 with a significance level 
alpha=0.05 
 
Studies on PBDEs in house dust are limited, but increasing worldwide. A 
comparative summary of data from the studies of other countries is shown in Table 8-
5. Concentrations of all PBDE congeners found in dust samples collected in this study 
are lower than the values reported for dust in homes in Ottawa, Canada (Wilford et al., 
2005), with the exception of PBDE 209 which is present at marginally higher 
concentrations in Singapore. With reference to a study in Washington D.C. (Stapleton 
et al., 2005), the total concentration of 7 PBDE congeners (with the exception of 
PBDE 209) in house dust is more than 100% greater than levels detected in Singapore. 
To the best knowledge, the highest levels of total PBDEs and PBDE 209 reported so 
far were in a study conducted in Dallas (Schecter et al., 2005). The reason for the 
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extremely high values in that study is most likely due to dust samples being collected 
via domestic carpet vacuuming; the most common use of the deca-formulation is as 
an additive to carpet textiles. The high values of low brominated congeners levels 
reported in the studies of Ottawa and Washington D.C. could also be due to the type 
of dust sampled, i.e., dust was collected from household surfaces using a vacuum 
cleaner. Samples collected could thus be affected by the vacuuming habits of the 
house owner and may not be an accurate representation of the actual exposure. In 
addition, differences in the use of technical mixtures of PBDEs may account for the 
dissimilarities in contamination profiles. It has been reported that blood levels of 
PBDEs in persons residing in the USA are substantially higher than those in Japan, 
Korea and Germany (Sjodin et al., 2004). Elevated PBDE concentrations in house 
dust may be attributed to the widespread use of commercial penta- and deca-PBDE on 
the North American continent, where the average consumption of penta- PBDE is 
over 40 times that that of Asia (BSEF, 2003). 
 
Table 8-5. Comparison of the household dust PBDE data of Singapore, Ottawa, 
Washington D.C. and Dallas (ng g-1 dust). 
 







et al., 2005) 
Dallas (Schecter et 
al., 2005) 
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a: Cell Contents: Mean  
                           Median 
                           Range 
b: In the Ottawa study, the sum of PBDEs included congeners 17, 28, 47,66,100, 99, 
85, 154, 153, 138, 183, 190, 209; In the Washington D.C. study, the sum of PBDEs 
including 47, 100, 99, 154, 153, 183, 209 was calculated based on the raw data 
provided; In the Dallas study, the sum of PBDEs included congeners 17, 28, 47,66, 
77, 100, 99, 85, 154, 153, 138, 183, 209. 
 
8.3.2 Concentrations of organochlorines in house dust  
The levels of OCPs and main PCB congeners in house dust samples are summarized 
in Table 8-6. The most frequently detected OCPs were chlordanes and p,p'-DDE 
which were detected in 90% of samples. As one of the key degradation products of 
p,p'-DDT, p,p'-DDE was even at a higher level than its parent compound. Since the 
use of DDT was banned in Singapore in 1985, p,p'-DDE can be expected to be more 
abundant than p,p'-DDT in the environment. However, due to prevailing atmospheric 
transportation and deposition in the region, DDT can be transferred to Singapore from 
other countries where DDT is still being used (Wurl & Obbard, 2005a). The high 
value of the DDT/DDE ratio (i.e. 3.3 at median concentration) detected in this study 
implies recent introduction of DDT into the local environment of Singapore. 
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Of the 41 target PCB congeners measured, 28 were detected, but only 9 congeners 
had a median concentration above the LOD. PCB 101 was both the most frequently 
detected (25/31 samples) and abundant (median, 0.5 ng g-1 dust) among all congeners, 
followed by PCB 153 & 132 (24/31 samples, median 0.5 ng g-1 dust). ∑PCBs ranged 
between <LOD-44 ng g-1 dust weight, with a median concentration of 5.6 ng g-1 dust, 
which was several orders of magnitude less than ∑PBDEs (1200 ng g-1 dust) (Tan et 
al., 2007a). PCB congener profiles were dominated by penta- and hexa- congeners 
which have a medium vapor pressure. Principal component analysis (PCA) was 
applied to compare the composition of samples relative to commercial mixtures 
(Aroclor 1242, 1254, 1260, Delor 103, Clophen A30, A40), and results are presented 
in Figure 8-1. Most samples matched Aroclor 1254 which is characterized by penta- 
and hexa- PCBs. Aroclor 1254 is one of the main components of Askarel, a generic 
PCB-containing product previously used in transformers and capacitors (Erickson, 
1997). A similar match has also been observed in marine sediments (Wurl and 
Obbard, 2005c) and green mussels (Bayen et al., 2003b) in Singapore. Few samples 
(i.e. sample No. 16, 25) showed a similar profile to Aroclor 1260 with a 
predominance of higher chlorinated PCBs, while other samples (i.e. sample No. 3, 6, 
7) were close to lower chlorinated PCB commercial products like Aroclor 1242. 
However, congener patterns in dust were merely close to, but did not perfectly match 
those of commercial mixtures -- possibly due to the occurrence of PCBs in homes as a 
result of contamination of various commercial mixtures. As PCB congeners have 
slightly different physical and chemical properties in terms of volatility, partitioning 
and persistence, a fractionation process can be expected over time in terms of 
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congener profile and relative concentrations (Vorhees et al., 1999). Therefore, PCA 
cannot provide further insights into the potential source of PCB exposure in 
environmental samples in this case. 
 
Data from this study are also compared to those in house studies conducted in Cape 
Cod, Massachusetts, USA (Rudel et al., 2003), and child day care centers in North 
Carolina, USA (Wilson et al., 2001) (as shown in Table 8-6). Dust in child day care 
centers in North Carolina is substantially more heavily contaminated with pesticides 
and PCBs than that of Singapore residences. Similar compounds were measured in 
house dust in Cape Cod, and the highest concentrations found in that study are 
generally more than 10 times higher than those in Singapore. In a study conducted in 
New Bedford by Vorhees et al. (1999), a total of 65 PCB congeners were tested, and 
the median level of ∑PCBs in the New Bedford study was 880 ng g-1 dust, exceeding 
ours (5.6 ng g-1 dust) by a factor of 150, probably due to heavier use in the USA than 
in Singapore prior to their prohibition. However, these comparisons should be 
interpreted with some caution considering the differences between international 
studies with respect to sampling methods, sampling year and location. For example, 
samples collected from carpets and rugs are likely to have higher concentrations of 
POPs due protection afforded from photo-degradation processes. Secondly, floor dust 
consists of a large portion of track-in dust which may substantially affect the pattern 
of contaminants present relative to airborne dust samples, as collected in our study. 
Thirdly, if sampling takes place close to known pollutants sources, the chance of 
detecting extreme values will increase greatly. In the study at New Bedford (Vorhees 
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et al. 1999), samples were collected from houses in the proximity of a harbor during 
dredging of highly contaminated harbor sediments. As these sediments probably 
contained high level of PCBs they likely contributed to an elevated level of PCB 
concentrations measured in the house dust. Moreover, data presented by Simcox et al. 
(1995) demonstrated substantial accumulation of pesticides in agricultural family 
homes, even though identification of specific exposure pathways such as track-in on 
shoes or by pets could not be conducted in that study. 
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Table 8-6. Summary of OCPs and main PCB congeners in house dust samples (ng g-1 dust) in Singapore and other studies. 
 
Cape Cod, USA  
(Rudel et al., 2003) 
North Carolina, USA 
(Wilson et al., 2001)  Range  Median Mean SD n>LOD 
Median Range Mean Range 
α-HCH <LOD-8.7 <LOD 0.7 2.4 3     
β-HCH <LOD-57 <LOD 2.2 10 3     
γ-HCH <LOD-74 <LOD 2.9 13 4     
δ-HCH <LOD-170 <LOD 5.5 31 2 <LOD <LOD-1040 13 4-34 
trans-chlordane  <LOD-73 2.3 5 13 28 <LOD <LOD-10600 234 36-689 
cis-chlordane  <LOD-39 1 2.6 6.9 28 <LOD <LOD-9970 148 10-565 
p,p'-DDE  <LOD-50 3.3 5.9 10 28 <LOD <LOD-738 101 30-254 
p,p'-DDD  <LOD-48 1.3 4.7 10 24 <LOD <LOD-718   
p,p'-DDT  <LOD-700 11 56 140 20 <LOD 279-9610 73 16-211 
∑ HCHs <LOD-240 <LOD 11 45 7     
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∑ Chlordanes <LOD-110 3.3 7.6 20 29     
∑ DDTs <LOD-770 14 67 160 29     
PCB 28&31 <LOD-2.9 0.2 0.3 0.6 18   136 <LOD-1194 
PCB 33 <LOD-3.7 0.3 0.8 1 17     
PCB 95 <LOD-2.4 0.3 0.4 0.5 22   497 <LOD-2842 
PCB 101 <LOD-2.2 0.5 0.6 0.5 25   852 <LOD-4903 
PCB 110 <LOD-5.2 0.3 0.6 1 22   1020 <LOD-5860 
PCB 118 <LOD-8.1 0.3 0.7 1.5 18   524 <LOD-3000 
PCB 149 <LOD-3.3 0.3 0.5 0.7 20     
PCB 153&132 <LOD-5.5 0.5 0.8 1.2 24 <LOD <LOD-3530 194 <LOD-1060 
PCB 180 <LOD-2.0 0.2 0.3 0.4 17   434 <LOD-2500 
∑PCBs <LOD-44 5.6 9.2 11 28     
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Figure 8-1. Principal Component Analysis (PCA) of dust samples from 
Singapore and commercial PCB mixtures (source of commercial mixtures 
composition was from (Vorhees et al., 1999)). 
 
In the PCB correlation matrix, it can be seen that many congeners, especially penta- 
and hexa-PCBs were significantly correlated with each other (Table 8-7), with PCB 
110 having the maximum number of strong positive correlations, which implies that 
this congener is a possible indicator for detecting other PCBs in house dust. Pesticides 
were also positively correlated to the measured concentrations of some PCB 
congeners, such as chlordanes and DDT with PCB 153&132, meaning that higher 
pesticide levels in house dust are indicative of higher amounts of PCBs. The common 
source and similar environmental behavior of pesticides and PCBs is a possible 
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explanation for this phenomenon. However, further investigations are needed to 
identify the sources of these contaminants in the indoor environment. 
 
8.3.3 House characteristics and the levels of POPs 
Statistical analyses of the residential characteristics and measured levels of 
contaminants in house dust showed no correlation, with the exception of a few weak 
negative correlations between the floor elevation of the residence and the 
concentration of DDTs and some low-chlorinated PCB congeners (see Table 8-7). 
This is most likely associated with an increased displacement from the ground,  
increased level of ventilation at upper stories, as well as lower levels of track-in dust 
at higher residential floors. However, there is no obvious correlation between the 
level of PBDEs and the house characteristics, although it has previously been reported 
that an inverse relationship exists between the floor area and the contribution of 
PBDE 209 to the total PBDEs (Stapleton et al., 2005). As house dust samples were 
collected from two different places (fan blades and ACU filters), the influence of the 
collection method on levels detected was evaluated using the Mann-Whitney U test 
with a 95% confident level. Results indicated that there was no significant differences 
in the levels of POPs measured between these two sampling sources (i.e. filter of 
ACUs or fan blades).  
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Floor of  
residence -0.257 -0.254 -0.354 -0.340 -0.291 -0.231 -0.436 -0.152 -0.324 -0.447 -0.477 -0.157 
trans-chlordane 1 0.956 0.701 0.071 0.237 0.255 0.328 0.494 0.531 0.417 0.651 0.257 
cis-chlordane  1 0.651 0.051 0.225 0.222 0.264 0.469 0.513 0.381 0.586 0.244 
p,p'-DDE   1 0.410 0.421 0.188 0.527 0.409 0.462 0.714 0.801 0.394 
p,p'-DDD    1 0.720 -0.084 0.247 0.005 0.197 0.430 0.400 0.558 
p,p'-DDT     1 -0.107 0.175 0.079 0.354 0.491 0.497 0.367 
PCB 28&31      1 0.310 0.183 0.218 0.111 0.184 0.023 
PCB 52       1 0.498 0.504 0.608 0.540 0.097 
PCB 101        1 0.824 0.608 0.607 0.047 
PCB 110         1 0.653 0.707 0.158 
PCB 149          1 0.800 0.300 
PCB 153&132           1 0.289 
PCB 180            1 
a: Values in bold are significantly different from 0 with a significance level alpha = 0.05 
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8.3.4 Health risks of exposure to POPs in Singapore 
A comprehensive human health risk assessment was performed using available data 
in Singapore by calculating the daily intake of POPs via all possible exposure 
pathways, including consumption of various foods, inhalation of polluted air, and 
ingestion of house dust, followed by comparisons of the values with benchmark 
levels proposed by authorities or researchers (as presented in Table 8-8).  
 
Estimation of the daily intake of POPs via ingestion of house dust has been reported 
in several studies (Kiviranta et al., 2004; Stapleton et al., 2005; Wilford et al., 2005). 
Based on the method described by Wilford and his colleagues (2005), and assuming 
that the dust ingestion rate by young children varies between 55 to 200 mg d-1, and 
4.16 to 100 mg d-1 for adults, the median daily intake of PBDEs via house dust was 
calculated (multiplying the daily intake rate of ingestion by the concentration in house 
dust in Singapore). As only the local profiles of POPs in seafood and fish are 
available, data of other food species are adopted from a report of Sweden (Darnerud 
et al., 2006), as the contents of POPs in the fish of their study are comparable to those 
measured in Singapore (Bayen et al., 2005c), and assuming the dietary exposure from 
other food sources is similar. Literature on the inhalation exposure risk of POPs is 
scarce, and only the estimation of PBDEs has been completed, and daily intake via 
inhalation is therefore adopted using the median value of 0.33 ng d-1and 2.0 ng d-1for 
child and adult respectively (Wilford et al., 2005). POP intake via dermal absorption 
and inhalation of outdoor air is considered negligible and thus excluded.  
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Assuming a 10-kg child and 60-kg adult body weight for calculation purposes, and a 
child dietary intake of 57% of the adult intake, then estimated daily intakes (EDIs) of 
POPs (ng kg -1 body weight per day) are summarized Table 8-8, from which values 
are found to be far below the threshold for adverse effects, i.e. the tolerable daily 
intake (TDI) values as proposed by Health Canada and the lowest-observed-adverse-
effect level (LOAEL) in view of PBDEs (Darnerud et al., 2001). However, it must be 
noted that exposure to these pollutants per kilogram body weight of children is much 
higher than those for adults, which therefore pose a higher risk of adverse effects on 
children who are more vulnerable to these environmental toxins, as their tissues and 
organs are growing and their detoxification organs/enzymes are less well developed. 
Moreover, additional intake via inhalation of airborne pesticides and PCBs may lead 
to an underestimation of human exposure in Singapore. 
 
House dust is considered as a major source of PBDEs for Singapore children body 
burden via inhalation and ingestion, according to the values in Table 8-8. Although 
the PCB and OCP levels detected in house dust in Singapore are low compared to 
measured PBDE levels, and ingestion of house dust is not likely the predominant way 
of POPs intake, it is still clear that residences in Singapore are subjected to on-going 
exposure to OCs despite these compounds having been banned for over two decades.   
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Table 8-8. Estimated daily intake of POPs in Singapore (mean, ng d-1 kg-1 body 
weight, 10 kg for the body weight of children, and 60 kg for adults). 
 
 PBDEs  Chlordanes HCHs DDTs PCBs Reference
Child a 0.46 2.6 2 b 10.3 10.2 Seafood and 
Fish Adult 0.136 0.76 0.58 b 3.01 2.99 
(Bayen et 
al., 2005c)
Child  1.56 1.576 2.626 15.26 15.2 Other food 




Child 6.4 0.04 0.06 0.37 0.05 House Dust 




Child 0.033 NA NA NA NA Indoor air c 




Child 8.45 4.2 4.68 25.6 25.5 Total 
Adult 1.1 1.22 1.36 7.49 7.42 
 




a: child exposure is estimated as 57% of adult intake. 
b: EDIs of food terms other than fish and seafood and EDI of HCHs are from Swedish 
study (Darnerud et al., 2006). 
c: children daily inhalation 2.0 ng g-1 and 0.33 ng g-1 for adults. 
d: ∑chlordanes include cis-chlordane, oxy-chlordane, trans-chlordane, cis-nonachlor, 
trans-nonachlor; ∑HCHs include α-HCH, β-HCH, γ-HCH, δ-HCH; ∑DDTs include 
DDT and its metabolites; PCBs include planar PCBs. 
e: lowest-observed-adverse-effect level (LOAEL) proposed by Darnerud et al. (2001). 
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8.4 Conclusions  
POPs were found in all house dust samples investigated in this study with PBDEs the 
predominant pollutants at levels several orders of magnitudes higher than the levels of 
PCBs and OCPs, indicating their ubiquity in the indoor environment in Singapore, as 
well as an on-going human exposure to these contaminants. Risk assessment indicates 
that the daily intake of POPs in Singapore is far below the threshold for adverse 
effects, but the potential higher risk of children warrants more attention. 
It should also be noticed that there are many factors which can easily affect particles 
collected and subsequent analysis results, such as duration of window opening, 
frequency and duration of using air conditioning, indoor activities of specific 
household, as well as local meteorological conditions including weather and wind 
directions during the sampling period. Therefore, a sounder experiment design is 
required in future for a more accurate assessment, with the all parameters recorded 
and analyzed. 
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CHAPTER 9 CONCLUSION AND FUTURE EFFORTS 
 
9.1 Conclusions of the Study 
This research has evaluated the human perinantal exposure to persistent organic 
pollutants (POPs), namely organochlorine pesticides (OCPs), polychlorinated 
biphenyls (PCBs) and polybrominated diphenyl ethers (PBDEs) in Singapore, with 
emphasis on the health risks to the fetuses and newborn infants that are most 
susceptible to these toxic compounds. In conclusion, this work has fulfilled its 
objectives as presented in Section 1.2. The main findings and conclusions of this 
study are summarized as follows. 
 
 Rapid and robust analytical methods (e.g. microwave assisted extraction 
(MAE) with less solvent consumption and shorter extraction time) were 
optimized and validated for the analysis of POPs in various sample matrices. 
This made possible the analysis of POPs in human tissues of low levels. To 
obtain data with good accuracy and precision, a sound quality assurance 
program is also of great importance and needs to be practiced along the 
chemical analysis. 
 
 The study on the prevailing concentrations of POPs in adipose tissues of 
expectant mothers in Singapore and the influential factors on their 
accumulation assists in evaluation of potential health risk and could provide 
useful information on POP control policy and further epidemiological research. 
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Multivariate data analysis (MVA) techniques which were employed here have 
been proved as having good efficacy. The indentified linkages between the 
food consumption and the levels of POPs in adipose tissue offer a perspective 
to trace the source of contaminations.  
 
 The presence of POPs in cord blood corroborates the existence of 
transplacental transfer (TPT) of these xenobiotics from maternal tissues to 
fetal circulation. It is encouraging to find that the placenta does constitute a 
barrier to prevent the infusion of certain molecules (e.g. highly brominated 
congeners), and a mass of metabolizing enzymes in placenta are likely to 
reduce the residues of POPs. However, pollutants could be more readily 
enriched in fetal tissue because fetuses may have relatively poor detoxification 
ability, which may pose high risk of adverse effects on fetal development. 
These findings offer opportunities for prevention and intervention of vertical 
transmission of these toxins. As a kind of non-invasively acquired tissue, 
placental tissue is also suggested as a suitable surrogate for assessing the 
prenatal exposure to certain POPs with appropriate adjustment.  
 
 Following the understanding of TPT of POPs, the impact of these toxins on 
growth and development of the exposed fetuses was examined. In this part of 
study, the adverse effects of certain POPs on fetal growth were observed, 
indicating the chemical exposure in utero could also be deemed as an 
influential factor on the growth of fetuses, even at normal exposure levels for 
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the general population. Moreover, it is found that exposure to POPs may alter 
maternal hormone levels which regulate the sex of the fetus. These significant 
relationships provide new insights on the effects of POPs, and serve as 
background data for more in-depth epidemiological studies. 
 
 In Chapter 6, breast milk has been shown to be an excretion route of a range 
of substances from maternal storage (adipose tissue). In addition, maternal 
dietary intake was also an important determinant of the POP contents in breast 
milk. This study interestingly found that certain POPs appeared less in breast 
milk of women consuming a diet high in fish and seafood, which contradicts 
other studies finding a high positive correlation of POPs in breast milk and 
consumption of seafood. As such, consumption of a healthy diet by the mother 
is likely to translate to a high quality of breast milk, from a general standpoint. 
Food consumed by mother is commonly overlooked by other researchers that 
have studied the depuration mechanism of contaminants in breast milk, and 
significant findings from this study may shed some light on the direction of 
future studies. Risk assessment indicated that some breastfed babies in this 
study had the estimated daily intake (EDI) of ∑HCHs close to or above the 
threshold for adverse effects which may raise concern for child health. 
However, it is also important to address that despite human breast milk being 
contaminated with various environmental pollutants, the benefits of 
breastfeeding are consistently recommended as outweighing any possible risk 
(LaKind et al., 2001; Longnecker and Rogan, 2001; Abelsohn et al., 2002; 
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Sudaryanto et al., 2006). Infants receive valuable and essential nutrients for 
health and development via breastfeeding (Uauy and Peirano, 1999; 
Lonnerdal, 2000), and breastfeeding also confers a protective effect against 
breast cancer in the mother (Grover and Martin, 2002). Moreover, with the 
prohibition in production and use of many POPs, their levels in the 
environment and breast milk have continuously decreased over time 
worldwide (Norén and Meironyté, 2000; Lind et al., 2003). 
 
 The prevailing levels of POPs in house dust in Singapore were determined in 
Chapter 8, and the overall health risks of exposure to POPs via various 
pathways were also evaluated. It is important to noted that POPs were 
ubiquitous in the indoor dust samples collected in Singapore with PBDEs the 
predominant pollutants at levels several orders of magnitudes higher than the 
levels of PCBs and OCPs. Although risk assessment indicated that the total 
daily intake of POPs in Singapore was below benchmark levels for adverse 
effects, but additional work is required to develop appropriate intervention 
measures to mitigate human exposure to POPs, particularly for young children 
who are more susceptible to these environmental pollutants. 
 
9.2 Suggestions for Future Work 
Based on the results presented and discussed, it may be relevant to make a few 
remarks and/or suggestions of what may be of interest to do. The suggestions are 
given as bullets below. 
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• Although we have had good understanding of the prevalence and the behavior 
traditional POPs (which are black-listed by the United Nations Environment 
Programme (UNEP)) in Singapore, there is still a lack of knowledge with 
regard to the levels of other toxic chemicals in human body, which could also 
be harmful to the environment and humans and/or of increasing concerns, 
including newly emerging pollutants (e.g. fluorinated compounds (So et al., 
2006; Angerer et al., 2007; Tao et al., 2008a; Tao et al., 2008b), artificial 
musk (Kannan et al., 2005; Salvito, 2005; Reiner et al., 2007)), hydroxylated 
metabolic products of PCBs and PBDEs (i.e. OH-PCBs and OH-PBDEs) 
(Malmberg et al., 2005; Gebbink et al., 2008). Efforts should be made to 
investigate the characteristics, occurrence, and toxicity of these pollutants. In 
addition, a cocktail of hazardous chemicals is likely to have synergistic and 
antagonistic effects on human health, particularly their endocrine disrupting 
feature (Hjelmborg et al., 2006). Therefore, determination of these effects 
using techniques based on biological interaction of these compounds (e.g. 
enzymatic methods) may yield useful information on the overall impact of 
these xenobiotics on human health (Liu et al., 2007; Hirano et al., 2008).  
 
• Utilization of MVA techniques in this study successfully identified 
correlations between variables. However, it is also apparent that factors 
investigated had limited potential for interpreting the measured values, 
suggesting the existence of other factors such as inter-individual differences in 
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metabolism and excretion of POPs. These factors may not be able to be tested 
or assessed directly, but indirect enzymatic assays (e.g. cytochrome P450 
activity tests) could be provide alternatives for evaluating the metabolism of 
one person (Chen et al., 2001; Schaufler et al., 2002)  
 
• For a more accurate risk assessment, more studies are required in order to 
address the lack of specific local information on the prevailing levels of POPs 
in foodstuffs (other than seafood), and the inhalation of airborne POPs in 
Singapore. Additional work is also required in order to develop appropriate 
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None 2 3 4 23 24 25 26 34 35 234 235 236 245 246 345 2345 2346 2356 23456 
2’3’4’5’6’                                       209 
2’3’5’6’                                     202 208 
2’3’4’6’                                   197 201 207 
2’3’4’5’                                 194 196 199 206 
3’4’5’                               169 189 191 193 205 
2’4’6’                             155 168 182 184 188 204 
2’4’5’                           153 154 167 180 183 187 203 
2’3’6’                         136 149 150 164 174 176 179 200 
2’3’5’                       133 135 146 148 162 172 175 178 198 
2’3’4’                     128 130 132 138 140 157 170 171 177 195 
3’5’                   80 107 111 113 120 121 127 159 161 165 192 
3’4’                 77 79 105 109 110 118 119 126 156 158 163 190 
2’6’               54 71 73 89 94 96 102 104 125 143 145 152 186 
2’5’             52 53 70 72 87 92 95 101 103 124 141 144 151 185 
2’4’           47 49 51 66 68 85 90 91 99 100 123 137 139 147 181 
2’3’         40 42 44 46 56 58 82 83 84 97 98 122 129 131 134 173 
4’       15 22 28 31 32 37 39 60 63 64 74 75 81 114 115 117 166 
3’     11 13 20 25 26 27 35 36 55 57 59 67 69 78 106 108 112 160 
2’   4 6 8 16 17 18 19 33 34 41 43 45 48 50 76 86 88 93 142 




APPENDIX B. GC-MS PARAMETERS IN SIM MODE. 
 
Mode Analyte Retention 





HCHs 7.3 to 10.8 217 219 
trans-chlordane 21 373 375 
cis- chlordane 21.8 373 375 
p,p’-DDT 29 235 237 
p,p’-DDD 26.6 235 237 
p,p’-DDE 23.8 246 248 
Tri-PCBs 9.6 to 13.6 256 258 
tetra-PCBs 15.6 to 20 292 294 
penta-PCBs 20 to 27.5 326 328 
hexa-PCBs 24.8 to 34.6 360 362 
hepta-PCBs 30 to 34.9 396 398 
octa-PCBs 35 to 38.7 426 428 
nona-PCBs 37.3 to 40 462 464 
EI a 
deca-PCB 41 496 498 
PBDE except 209b 9.5-18.6 79 81 NCI 
PBDE 209c 18.5 487 489 
a: Obtained using GC program 1 as described in Section 4, Chapter 3.  
b: Obtained using GC program 2 as described in Section 4, Chapter 3. 
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